Reaction Patterns of Maize a-Amylases with Soluble Starch,
Granular Starch, and Maltooligosaccharides

C. A. KNUTSON!

ABSTRACT

Action patterns of maize a-amylases on soluble starch, granular starch,
and maltooligosaccharide substrates were evaluated. Enzyme fractions
with low, intermediate, and high isoelectric points (pI) had specific patterns
on soluble starch. Primary reactions on starch molecules and large oligo-
saccharides produced large quantities of oligosaccharides with degree of
polymerization (DP)7 and smaller quantities of oligosaccharides with
DP8-15. Secondary reactions, identified by the point at which net con-
sumption of DP7 began to occur, consisted of the hydrolysis of oligo-
saccharides with DP7 and higher to fragments of DP6 and below. Each
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enzyme type showed characteristic primary and secondary patterns. For
high-pI and low-pl enzyme forms, secondary action patterns were
equivalent to patterns obtained by hydrolysis of DP7 maltooligosaccha-
ride. For the intermediate-pI enzymes, the reaction with DP7 was com-
plicated by transglycosylation, resulting in the formation of higher oli-
gosaccharides from DP4 oligomers. For all forms, reactions on starch
granules differed significantly from both the primary and secondary
reactions on soluble starch.

Hydrolysis of starch by a-amylases is a complex procedure.
It involves a rapid primary hydrolysis of a-1—4 bonds of amylose
and amylopectin molecules and a slower secondary reaction to
hydrolyze the fragments formed in the primary reaction to low
molecular weight oligosaccharides (Robyt 1984). Robyt and
French (1967) described the different possible types of attack on
the starch molecule, as well as binding sites for Bacillus subtilis
(Robyt and French 1963) and porcine pancreatic (Robyt and
French 1970) a-amylases. Hill and MacGregor (1988) determined
that, for cereal a-amylases (multichain or comp!ctely random),
hydrolyms of a single bond per encounter is the predominant
mode of primary attack, followed by slow, nonrandom hydrolysis
of the oligomer fragments.

MacGregor and MacGregor (1985a,b) studied the action of
barley a-amylase and proposed a model for starch hydrolysis
by cereal a—amylases This model contains nine binding subsites,
with the catalytic site located between sites 6 and 7. By calculating
the relative binding energies of the subsites, they were able to
predict, quite accurately, the proportions of small oligomers
formed at different stages of reaction. They postulated that this
model may be applicable to the action of other cereal a-amylases
as well.

We previously reported the isolation of multiple forms of a-
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amylase from endosperm of germinating seeds by using affinity
chromatography on B-cyclodextrin epoxy-activated Sepharose
6B, followed by chromatofocusing (Warner and Knutson 1991,
Warner et al 1991). The affinity-bound a-amylases, constituting
approximately 50% of the total amylase activity in the endosperm,
were all capable of attacking granular maize starch. Originally,
four major enzyme forms (B-I through B-IV) were designated
to indicate affinity binding and order of chromatofocusing elution.
Elution pH values are: 5.5-5.7 (B-I); 5.1-5.4 (B-II); 4.6-4.8
(B-III); 3.9-4.1 (B-IV). Analysis of reaction products of these
enzymes at the limit of their reaction on soluble starch (i.e., the
point of hydrolysis at which no further change in product form-
ation can be detected) indicated significant and reproducible dif-
ferences in the action of three of the four major forms. Only
B-1 and B-II have equivalent final reaction patterns. Enzymes
from six cultivars were isolated and fractionated (Knutson and
Grove 1992), demonstrating that all four affinity-bound a-amy-
lases are generally present in germinating maize, but relative
amounts of the different forms vary widely. We also identified
minor amounts of an additional enzyme form (non-B-III) with
a chromatofocusing elution pH similar to that of B-III (4.4-4.6)
but with a different action pattern, in all of the cultivars studied.
Final action patterns of the high and low isoelectric point (pI)
forms of maize a-amylases are similar and typical of what might
be expected from cereal a-amylases in general, according to the
nine-subsite model proposed by MacGregor and MacGregor
(1985a,b). However, the pattern for the major intermediate-pl
form, B-III, is quite different from typical patterns for cereal
a-amylases, suggesting that the mode of attack or the number
of subsites involved may differ for the different enzyme forms.



This study was undertaken to define primary and secondary
action patterns of maize a-amylases on soluble starch and to
compare these patterns with known reaction patterns from other
cereal a-amylases, to compare the secondary reactions products
from soluble-starch hydrolysis with those obtained by action on
oligosaccharide substrates, and to compare both primary and
secondary soluble-starch action patterns with the action patterns
on granular starch to determine whether the action patterns on
soluble substrates are relevant to the action patterns of cereal
a-amylases on starch granules.

MATERIALS AND METHODS

Granular maize starch, extracted by standard commercial meth-
ods and not subjected to temperatures greater than 50°C, was
obtained from American Maize Products, Hammond, IN. Lintner
soluble starch and maltooligosaccharides (DP1-7) were obtained
from Sigma Chemical Company, St. Louis, MO. Lintner soluble
starch, rather than amylose, was used as a soluble substrate so
that data on reaction products would not be distorted by products
emanating from chains longer than those in maize amylopectin
and would, thus, be more comparable to data expected from
starch granules. Additionally, soluble starch would retrograde
less than amylose during slow reactions at low enzyme concen-
trations.

Procedures for enzyme isolation and fractionation by affinity
chromatography and chromatofocusing from six maize cultivars
were described previously (Warner et ul 1991, Knutson and Grove
1992). Amylase activity was determined by the method of Bernfeld
(1951).

Reaction conditions for the hydrolytic studies were: 100-ul
aliquots of enzyme solution, containing 2-20 units (1 unit = 1
umol of apparent maltose released per minute) of activity per
milliliter, were added to 100 mg (dwb) of either soluble or granular
starch or 40 mg of maltooligosaccharides in 5-ml filter-sterilized
buffer (20 mM acetate, pH 4.5, containing 1 mM CaCl,) to give
final substrate concentrations of 20 mg/ml for starch or 8 mg/
ml for oligosaccharide. No antibacterial agents were used. When
the substrate was soluble starch, the solution was boiled to dissolve
the starch and cooled to room temperature before adding enzyme.
Otherwise, the substrates were added to buffer with no heating.
Reactions were run at room temperature. Samples were kept stop-
pered between sampling periods to prevent evaporation. Samples
containing granular starch, which rapidly settled to the bottom
of the container, were shaken periodically. From this reaction
mixture, 0.25-ml aliquots were taken at intervals of 0.5-672 hr
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Fig. 1. Hydrolysis of soluble starch by maize a-amylases at room
temperature, pH 4.5. © = B-I (6 units/ml); ® = B-II (7); V = B-III
(8); ¥ = non-B-III (9); 0 = B-IV (7).

for soluble starch, 1-15 days for maltooligosaccharides, or 1-27
days for granular starch. The aliquots were pipetted into 0.50
ml of absolute ethanol to terminate the enzyme action and to
precipitate unreacted starch. This concentration of ethanol is suffi-
cient to stop enzyme action and prevent microbial contamination
of the hydrolyzed sample. Oligosaccharides larger than ~20 glu-
cose residues precipitate at this concentration of ethanol. The
mixture was centrifuged to settle the precipitate and filtered
(Gelman Acrodisc PVDF 0.2-um filter).

Samples were analyzed by high-performance liquid chroma-
tography using a Dionex Carbopak PAIl carbohydrate column
in a Spectra-Physics 8100 equipped with a Dionex PAD-2 pulsed
amperometric detector. Oligosaccharides were separated by gra-
dient elution: solution A was 100 mM NaOH (Fisher Chemical
Company); solution B was 100 mM NaOH plus 500 mAM NaOAC
(Sigma Chemical Company). The standard gradient was 98% A
at 0 time, to 709% A in 5 min, to 50% A after a total elution
time of 15 min, then held at 50% A to 20 min. This gradient
resolved maltooligosaccharides up to DP20 in 25 min. Calibration
used standard maltooligosaccharide samples of DP1-7 as external
standards. Because differences in response factors became pro-
portionally less as the length of the oligosaccharide increased,
individual response factors for oligosaccharides greater than DP7
were not calculated.

RESULTS AND DISCUSSION

Soluble-Starch Substrate

Percent of substrate hydrolyzed by the different enzyme forms,
calculated from measurement of accumulation of individual sol-
uble-reaction products, is shown in Figure 1. All reactions had
minimal accumulation of oligosaccharides greater than DPI5
and only slightly greater accumulation of oligosaccharides of
DP10-15. This is consistent with the expected chain lengths in
the substrate.

For each enzyme form, a hydrolysis limit for soluble-starch
substrate was calculated. B-I and B-II enzymes had lower hy-
drolysis limits than those of the other enzyme forms. Those limits
varied with activity level, suggesting inactivation of B-I and B-II
during prolonged reaction times. For enzyme samples averaging
16 units/ml, the a-amylolysis limit for B-I and B-II was 69%
of starting weight of substrate; for 10 units/ml, 46%; and for
6 units/ ml, 41%. At all activity levels (2-22 units/ ml), a-amylolysis
limits for B-III, non-B-III and B-IV were 73-74%.

Accumulation of individual products from soluble starch was
plotted for each enzyme as the mol percent of total reaction
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Fig. 2. Accumulation of reaction products for B-I and B-II maize a-

amylases. Degree of polymerization (DP). 0 = DPIl; ® = DP2; V =
DP5; ¥ = DP6; 0 = DP7; 8 = DP8.
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products versus the extent of the reaction, expressed as a percent
of the a-amylolysis limit (Figs. 2-4). Such plots, as used by
Torgerson et al (1979) and Kondo et al (1980), are independent
of reaction time and allow data from reactions run at different
levels of enzyme activity to be plotted on the same graph. Plotted
values in these figures were the means of three or four samples
for each enzyme.

All enzymes formed measurable amounts of oligosaccharides
DP1-6 in the final product. DP7 and larger were formed in the
early stages of the reactions and were subsequently hydrolyzed
as reactions were allowed to continue. DP1, 2, and 5-8 showed
significant changes as a proportion of total hydrolysate during
the course of the reaction. DP3-4 were relatively unaffected by
changes in concentration of other products. Oligosaccharides of
>DP9 were observed in very small amounts and tended to reflect
the behavior of DP8. Overall action patterns are summarized
here, with typical reactions for each enzyme shown in the cor-
responding figures.

B-I and B-II (Fig. 2) show no significant differences in action
patterns, which is consistent with the fact that they are not com-
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Fig. 3. Accumulation of reaction products for B-III maize a-amylases.
Degree of polymerization (DP). o0 = DP1; ® = DP2; V = DP5; ¥ =
DP6; 0 = DP7, @ = DPS8.
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Fig. 4. Accumulation of reaction products for B-IV maize a-amylases.
Degree of polymerization (DP). 0 = DP1; @ = DP2; V = DP5; ¥ =
DP6; 0 = DP7; B = DPS.
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pletely resolved, as shown by isoelectric focusing (Warner et al
1991). In the initial stages of the reaction, rate of accumulation
of all products was linear for substrate hydrolysis. DP2 and 7
accumulated most rapidly. Net accumulation of DP7 and 8 ceased
at about 70 and 60%, respectively, of the reaction limit, and net
consumption of these products began. Beyond this point, rate
of accumulation of DP1, 5, and 6 accelerated.

B-II1 (Fig. 3) initially had the most rapid accumulation of DP7,
which began to level off at about 409% of the reaction limit; net
consumption of DP6 and 7 began at 65% of the reaction limit,
after which only DP2 accumulated substantially.

Non-B-III (not shown) had an initial reaction pattern equivalent
to that of B-III, but at later stages there was no significant con-
sumption of DP6 and 7 products, and the reaction slowed sub-
stantially.

In B-IV (Fig. 4), linear accumulation of all oligosaccharides
from DP1-7 occurred initially; consumption of DP7 began grad-
ually after 509 of the reaction limit was reached. At this point,
accumulation of DP1 increased.

For each enzyme, the rate of accumulation of individual oligo-
saccharides DP1-6 was linear up to the point at which net con-
sumption of DP7 began. Consumption of >DP7 began before
net consumption of DP7. Thus, this point was used to define
the end of the primary reaction. At the highest levels of enzyme
activity, this point was generally reached in 4-6.hr. For each
enzyme, accumulation of oligosaccharides DP1-7 was evaluated
throughout the primary reaction phase by linear regression
analysis of data from at least seven reactions. Because the sec-
ondary reaction (hydrolysis of oligosaccharides of DP7 or smaller)
is very slow relative to the primary reaction (MacGregor et al
1992), products resulting from the hydrolysis of oligosaccharides
of DP3-7 could be ignored in these calculations. For oligo-
saccharides of DP2-7, the linear correlations were all 0.96% or
greater. The overall mean standard error was 4.2% of the value
of each component. DP1 had correlation of 0.84%, and the mean
standard error was 10.8%.

Action patterns for the enzymes at this stage of reaction were
compared to the barley a-amylase II action pattern reported by
MacGregor and MacGregor (1985a,b) at a comparable stage of
hydrolysis (i.e., 64% of substrate hydrolyzed to DP6 or smaller
[Table I]). MacGregor and MacGregor (1985b) showed that the
experimentally determined action pattern for barley a-amylase
II agrees well with their predicted pattern for a nine-subsite model
calculated from binding energies at the enzyme subsites. Data
in Table I shows that the maize enzymes had characteristic patterns
that differed from the barley a-amylase II pattern as well as from
each other. Compared to the barley enzyme, patterns for the
high-pI forms (B-I and B-II) produced more oligosaccharides of
DP2 content and less of DP6 and 7. Intermediate-pl (B-III and
non-B-III) forms produced more oligosaccharides of DP4 and
less of DP6. The low-pl form (B-IV) produced more oligo-
saccharides of DP1 and less of DP6.

Primary action patterns of all of the enzymes on soluble starch
were consistent with the nine-subsite model of MacGregor and
MacGregor (1985a,b). Although product mixtures did not cor-
respond exactly with those reported by MacGregor and Mac-
Gregor for barley starch, the differences observed are likely due

TABLE I
Oligosaccharides (DP1-7) Produced During Primary Reaction®

Fraction DP1 DP2 DP3 DP4 DP5 DP6 DP7 >DP7
B-1 6 38 10 4 5 13 17 6
B-11 7 40 10 4 6 16 14 3
B-1II 4 23 10 11 7 12 19 14
Non-B-III 3 24 10 10 8 1320 14
B-1V 11 23 8 6 8 17 20 7

Barley a-amylase
m° 5 29 9 7 6 22 23
# Mol percent of total product.

®MacGregor and MacGregor (1985a,b). Original values recalculated to
mol percent. Values reported for >6 DP were calculated as DP7.




to differences in binding energies of individual subsites. Differ-
ences in binding energies obviously exist between different forms
of maize a-amylase as well, inasmuch as the pattern for the high-
pI (B-I, B-1I) and low-pI (B-IV) forms of maize a-amylase differed
from each other more than either differed from barley a-amylase
I1. Furthermore, the pattern for the intermediate-pI (B-III) enzyme
varied substantially from those of the other maize a-amylases.

The final product mixtures at the a-amylolysis limit are shown
in Table II. Again, three characteristic patterns were found. The
significant differences of the three enzyme forms at this point
can be most readily observed from the relative proportions of
DP1 and 2. Formation of DP1 by B-III and non-B-III enzymes
remained very low throughout the hydrolysis.

Individual product totals from primary reactions were sub-
tracted from the final reaction totals to calculate product com-
position of the secondary reaction phase. These values are shown
in Table III. The secondary action patterns for high-pI and low-
pl enzymes were similar; DP1 was the predominant product
formed. In contrast, DP1 formation was very low for intermediate-
pl enzymes; DP2 was the predominant product.

The low DPI1 content found in reaction mixtures from B-III
and non-B-III suggests the possibility that these intermediate-
pl enzymes have their catalytic sites between sites 7 and 8, rather
than between sites 6 and 7 (assuming a nine-subsite model). Such
a configuration would preclude production of DP1 whenever all
subsites are occupied; this predominantly occurs during the pri-
mary reaction. The likelihood of such a configuration was eval-
uated by calculating the composition of the hypothetical product
mixture that would result from random binding of a DP20
substrate to an enzyme with the catalytic site between 7 and 8
for all possible encounters in which all nine subsites are occupied.
The calculated values for this mixture were 24, 15, 6, 9, 3, 26,
and 16 mol% for DP2-8 oligosaccharides, respectively. This cor-
responds closely to values in Table I for the primary action patterns
of B-III and non-B-III enzymes.

Oligosaccharide Substrates

Products of reaction of individual enzymes with maltooligo-
saccharides of DP4-7 are shown in Table IV. Reactions are sum-
marized here.

Only B-III reacted to a significant degree with DP4 or 5. A
measurable accumulation of DP5 and 6 was found in the reaction
mixture from DP4, indicating the occurrence of transglycosylation
with this enzyme. This is consistent with the finding of MacGregor
et al (1992): where transglycosylation occurs, it is more evident
with smaller oligosaccharides that are hydrolyzed with more diffi-
culty.

B-1 and B-II reacted moderately on DP6. B-III reacted ex-
tensively on DP6. B-IV showed no action on DP6 in 14 days.

TABLE 11
Oligosaccharides (DP1-7) Present After Final Reaction®

Fraction DP1 DP2 DP3 DP4 DP5S DP6 DP7 >DP7

B-1 18 38 9 4 8 16 6 1
B-1I 18 38 9 4 8 16 6 2
B-111 7 44 17 15 7 5 3 1
Non-B-III 6 32 14 14 9 10 11 3
B-IV 28 24 9 8 10 16 4 1

# Mol percent of total product.

TABLE III
Oligosaccharides (DP1-7) Produced by Secondary Reaction®

Fraction DP1 DP2 DP3 DP4 DP5 DP6 DP7 >DP7

B-1 43 24 9 2 10 17
B-1I 40 28 5 2 11 13
B-III 9 52 19 15 5 e
Non-B-III 10 41 19 17 10 ..
B-IV 42 19 8 8 11 12

# Mol percent of total product.

B-1, B-11, and B-III converted essentially all of DP7 to smaller
oligomers. B-IV reacted very slowly. The slow reaction of B-
IV with DP7 was unexpected because this fraction readily hy-
drolyzed DP7 in the secondary phase of its action on soluble
starch.

Non-B-III did not react significantly with any of the oligo-
saccharides in 14 days.

Overall, reactions of high (B-1, B-II) and low (B-IV) pI enzymes
with DP7 oligosaccharides gave results that correlated well with
those for the secondary reactions of the same enzymes on soluble
starch. There was less agreement for the intermediate-pl enzymes
(B-II1I, non-B-III). This difference may reflect the apparently
higher level of transglycosylation observed with intermediate-pl
enzymes.

Granular Starch Substrate

Rate of reaction of B-I, B-III, and B-IV on granular maize
starch is shown in Figure 5. Because the rates of reaction on
granular starch were slower than those on soluble starch, the
time of reaction was plotted as days rather than hours. B-IV
was substantially more efficient at granule hydrolysis than were
the other enzymes. B-IV hydrolyzed equivalent or greater amounts
of starch than the other enzymes with only one-third the activity.
This difference suggests greater accessibility of starch molecules
at the granule surface to the active sites of B-IV, possibly as
a result of more effective adsorption of the enzyme to the granule
surface. Action patterns, which remained essentially constant
throughout the course of the reaction, were evaluated by linear
regression and compared to the pattern reported by MacGregor

TABLE IV
Action of Maize a-Amylase on Maltooligosaccharides*®
Substrate/
Enzyme Substrate
Fraction Consumed, % DP1 DP2 DP3 DP4 DP5 DPé6
DP4 B-111 28 8 87 oo 1 4
DP5 B-I11 33 3 60 34 4 ... ...
DP6 B-LII 59 15 54 15 17
DP6 B-I11 97 3 59 16 22
DP6 Non-B-III 21 1 53 16 29 ... ...
DP7 B-LII 92 40 24 ) 5 12 13
DP7 B-111 83 4 34 21 10 7 24
DP7 Non-B-III 11 4 43 20 17 15 ...
DP7 B-IV 29 48 19 6 7 18 1
Mol percent of total product.
60
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Fig. 5. Hydrolysis of granular starch by maize a-amylases at room
temperature, pH 4.5. 0 = B-1 (17 units/ml); ® = B-III (18); V =
B-1V (6).
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TABLE V
Action of Maize o-Amylases (DP1-7) on Granular Starch®

Fraction DP1 DP2 DP3 DP4 DP5 DP6 DP7
B-1 26 49 8 8 4 4 1
B-111 9 61 19 7 2 1 e
B-1V 27 39 11 12 5 6 1
Barley a-amylase

n° 14 44 12 15 5 4 5

# Mol percent of total product.
®MacGregor and MacGregor (1985a). Enzyme acting on small barley
starch granules.

and MacGregor (1985a) for barley a-amylase II enzyme on small
starch granules at 219% starch solubilization (Table V). As with
soluble starch, a different action pattern was observed for each
enzyme, but patterns with granular starch were not equivalent
to those with soluble starch. Hydrolysis of granular starch pro-
duced higher proportions of DP2 and lower proportions of DP6
than were found with soluble starch. B-I predominantly produced
DP1 and 2 in an approximate ratio of 1:2. B-III was the only
enzyme for which the action pattern on granular starch was similar
to that on soluble starch: very little DP1 and a high proportion
of DP2. The B-IV action pattern was most similar to that of
the barley enzyme, with a higher proportion of DP4 than the
other maize enzymes.

Significantly, there was essentially no accumulation of DP7
at any stage of granular starch hydrolysis by any of the maize
enzyme forms. It appears that all of these enzymes hydrolyzed
DP7 more rapidly than they did granular starch.

CONCLUSIONS

High-, intermediate-, and low-pI forms of maize a-amylase each
have characteristic action patterns on soluble starch, oligosaccha-
rides, and starch granules. These patterns are valuable for charac-
terization and identification of individual enzyme forms. Patterns
for high-pI and low-pl forms (B-I, B-I1, B-IV) are consistent with
the nine-subsite model of MacGregor and MacGregor (1985a,b)
for cereal a-amylases. Patterns for intermediate-pI forms (B-III,
non-B-1III) also indicate a nine-subsite model but suggest a dif-
ferent location for the catalytic site, possibly between subsites
7 and 8.

For each enzyme form, differences between action patterns on
soluble starch and on granular starch are substantial. As a result,
determinations of the action patterns on soluble substrate are
of limited use for predicting relative rates of hydrolysis or reaction
products for starch granules. This point has been demonstrated,
with regard to reaction rates only, by Sun and Henson (1991)
for the different types of starch-degrading enzymes found in germi-
nating seeds (a-amylase, B-amylase, a-glucosidase, and debranch-
ing enzymes).

The significant differences in reaction products and variation
in rates of granule hydrolysis relative to soluble-starch activity

for the different forms of maize a-amylases suggests varying roles
in the germination process, as well as multiple roles for individual
forms at different stages of germination.

ACKNOWLEDGMENTS

I thank M. J. Grove for technical assistance, and C. Henson and S.
Imam for critical reviews of this manuscript.

LITERATURE CITED

BERNFELD, P. 1951. Enzymes of starch degradation and synthesis. Pages
379-428 in: Advances in Enzymology. Vol. 12. F. N. Ford, ed. Wiley-
Interscience: New York.

HILL, R. D., and MacGREGOR, A. W. 1988. Cereal a-amylases in
grain research and technology. Vol. 9. Pages 217-261 in: Advances
in Cereal Science and Technology. Y. Pomeranz, ed. Am. Assoc. Cereal
Chem.: St. Paul, MN.

KNUTSON, C. A., and GROVE, M. J. 1992. Variability of a-amylase
synthesis in germinating maize. Cereal Chem. 69:436.

KONDO, H., NAKATANI, H., MATSUNO, R., and HIROMI, K. 1980.
Product distribution in amylase-catalyzed hydrolysis of amylose. J.
Biochem. 87:1053."

MacGREGOR, E. A., and MacGREGOR, A. W. 1985a. The action of
cereal a-amylases on solubilized starch and cereal starch granules. Pages
149-161 in: New Approaches to Research on Cereal Carbohydrates.
R. D. Hill and L. Munck, eds. Elsevier Science Publishers: Amsterdam.

MacGREGOR, E. A., and MacGREGOR, A. W. 1985b. A model for
the action of cereal alpha amylases on amylose. Carbohydr. Res.
142:223.

MacGREGOR, A. W., MORGAN, J. E., and MacGREGOR, E. A. 1992.
The action of germinated barley alpha-amylases on linear maltodextrins.
Carbohydr. Res. 227:301.

ROBYT, J. F., and FRENCH, D. 1963. Action pattern and specificity
of an amylase from Bacillus subtilis. Arch. Biochem. Biophys. 100:451.

ROBYT, J. F. 1984. Enzymes in the hydrolysis and synthesis of starch.
Pages 87-123 in Starch: Chemistry and Technology. R. L. Whistler,
J. N. BeMiller, and E. F. Paschall, eds. Academic Press: Orlando,
FL.

ROBYT, J. F., and FRENCH, D. 1967. Multiple attack hypothesis of
a-amylase action: Action of porcine pancreatic, human salivary, and
Aspergillus oryzae a-amylases. Arch. Biochem. Biophys. 122:8.

ROBYT, J. F., and FRENCH, D. 1970. The action pattern of porcine
pancreatic a-amylase in relationship to the substrate binding site of
the enzyme. J. Biol. Chem. 245:3917.

SUN, Z., and HENSON, C. A. 1991. A quantitative assessment of the
importance of barley seed a-amylase, f-amylase, debranching enzyme
and a-glucosidase in starch degradation. Arch. Biochem. Biophys.
284:298.

TORGERSON, E. M., BREWER, L. C.,and THOMA, J. A. 1979. Subsite
mapping of enzymes. Use of subsite map to simulate complete time
course of hydrolysis of a polymeric substrate. Arch. Biochem. Biophys.
196:13.

WARNER, D. A., GROVE, M. J,, and KNUTSON, C. A. 1991. Isolation
and characterization of a-amylases from endosperm of germinating
maize. Cereal Chem. 68:383.

WARNER, D. A., and KNUTSON, C. A. 1991. Isolation of a-amylases
and other starch degrading enzymes from germinating maize. Plant
Sci. 78:143.

[Received November 25, 1992. Accepted April 7, 1993.]

538 CEREAL CHEMISTRY



