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Existing methods of assay of mat starch-degrading enzymes
were critically appraised. New methods based on natural sub-
strates, namely starch and its natural intermediate-derivative,
were developed for al the enzymes, except limit dextrinase for
which pullulan was used. Thermostability, optimal temperatures
and pHs were established. a-Amylase and limit dextrinase were
the most thermostable and -amylase, a-glucosidase and maltase
were the least stable while diastase occupied an intermediate
position. The optimal temperatures were congruent with thermo-
stability, B- amylase having the lowest (50°C) and a-amylase the
highest (65°C) with the remaining enzymes, including diastase,
falling in between. In contrast, a-amylase has the lowest optimal
pH (pH 4.5) and  amylase the highest (pH 5.5) while the others
have pHs in between the two values. The roles of the enzymes
were evaluated taking into account the level of activity, thermo-
stability, optimum pH, the nature of the product(s), and the rele-
vance to brewing. B-Amylase production of maltose was syn-
ergisticaly enhanced, mostly by a-amylase but also limit dex-
trinase. a-Glucosidase and maltase are unimportant for brewing,
because of their low activity and the negative impact on -amy-
lase activity and the negative effect of glucose on maltose uptake
by yeast. The starch-degrading enzymes (diastase) in a gram of
malt were able to degrade more than 8 g boiled starch into reduc-
ing sugars in 10 min at 65°C. The latter, suggests that it will be
possible to gelatinise most of the malt starch at a higher tempera-
ture and ensure its hydrolysis to fermentable sugars by mixing
with smaller portions of malt and mashing at lower temperatures
e.g. 50 —60°C.

Key words. Barley malt, enzymes, starch degradation, thermo-
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INTRODUCTION

Barley malt is a rich source of starch-degrading en-
zymes, particularly a- and B-amylases. The latter is pres-
ent in both barley and malt in high concentrations!>Y’. The
other enzymes, namely, limit dextrinase, the debranching
enzyme, and a-glucosidases are present in relatively low
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levels compared to a- and B-amylases. All the enzymes
contribute to degrade starch to sugars in a concerted and
sequential manner, to varying degrees. The total activities
of barley malt starch-degrading enzymes, generally known
as diastase or diastatic power (DP) are considered to be an
important quality trait for malting and brewing?3®. Any
attempt to manipulate or control the activities of these
enzymes would require a good knowledge and understand-
ing of their individual, synergistic and competitive inhibi-
tory rolesin starch degradation.

There is more than one method of assay for each en-
zyme31%12 Most of these methods are based on modified
starch or starch-derivatives such as starch-dye complex
(Phadebas, Azo-starch) or p-nitrophenyl glycosides®"1011,
These substrates are specific and for most purposes are
satisfactory for the assay of each individual enzyme. How-
ever, they are inadequate to use for the study of the indi-
vidual contribution and the synergistic role of each indi-
vidual enzyme in starch degradation. The main weakness
of the colour-incorporated derivative-substrates is that they
do not reflect the sequential action of these enzymes on
the same substrate, such as the starch and its intermediate
products. For example, a-amylase rapidly converts starch
into dextrin and oligosaccharides, which then become sub-
strates for limit dextrinase and B-amylase. In turn the
maltose and the short chain oligosaccharide produced by
o~ and B-amylases become the substrate for o-glucosi-
dases*”°. a-Amylase continues acting on oligosaccharides
feeding more substrates to 3-amylase and a.-glucosidases.
This sequential action of the enzymes with the entailing
synergistic and competitive interactions cannot be por-
trayed in synthetic coloured substrate assays.

The objective of this work was to determine the roles,
and the positive and negative interactions of barley malt
starch-degrading enzymes by developing new methods of
assay, wherever applicable.

MATERIALS AND METHODS

Malt

Franklin and Schooner barley varieties were micro-
malted in a Phoenix machine according to the following
procedure: samples were steeped at 17°C for 6:8:6 h, in
the sequence steep: air-rest: steep followed by 96 h germi-
nation. The samples were then kilned over 20 h gradually



ramping temperature from 17 to 55°C over 4 h, from 55 to
65°C over 6 h, from 65 to 75°C over 6 h and from 75 to
82°C over 4 h.

Chemicals

All chemicals were of analytical grade supplied by
Sigma-Aldrich, Australia. The standard starch used in this
study was the product manufactured by Pfanstiehl Labo-
ratories and certified by ASBC. Amyloglucosidase, -
glucosidase, reagents for glucose assay and the assay of
o- and B-amylases and limit dextrinase by McCleary
methods were purchased from Megazyme, Australia. Pre-
packed Sephadex G-25 columns were purchased from
Sigma-Aldrich, Australia.

Extraction of enzymes from malt

The four commonly used extraction media (water,
0.5% NaCl, 10 mM L-cysteine or 50 mM Na-phosphate
buffer pH 8) were investigated. Routinely, 0.75 g malt
flour was weighed in duplicate into centrifuge tubes and 4
mL extraction media was added with mixing. Extraction
was performed for 30 min at 30°C with regular vortexing
for 5 sa 5 min intervals and was terminated by centri-
fugation for 10 min at 28269. The supernatants were fil-
tered through wet muslin into measuring cylinders and the
volumes were recorded. These volumes were used in the
calculation of enzyme activities. Further, the extracts were
filtered through a Sephadex G-25 column (8 x 1.5 cm) for
the assay of a-glucosidases by glucose measurement and
limit dextrinase by reducing sugars.

Enzyme assays

o-Amylase assay: a-Amylase Assay using 3,5-dinitro-
salicylic acid (DNSA) method of reducing sugars. To as-
say a-amylase by measuring the reducing sugars produced
by its action on soluble starch, 3-amylase was inactivated
by heat treatment for 7 min at 70°C, in the presence of 20
mM CaCl,. To pre-equilibrated soluble starch solution
(0.25 mL 50 mg/mL in 0.1 M malate buffer pH 5.5 con-
taining 10 mM CaCl,) 0.05 mL heated extract (appropri-
ately diluted) was added with mixing. The reaction was
continued for 10 min and terminated by adding 2 mL 0.1
M NaOH. The reducing sugars were measured by adding
1.0 mL 3,5-dinitrosalicylic acid solution freshly prepared
as described by Palmmer®, mixing and boiling for 5 min.
Standards and controls were treated similarly with the
exception that the enzyme extract was added to the con-
trols after NaOH. The samples, controls and the standard
were read at 540 nm after cooling to room temperature.
One unit of a-amylase activity was defined as the quantity
of enzyme that released the amount of reducing sugars per
minute equivalent to one umole of maltose, under the
above defined assay conditions.

The enzyme activity was calculated according to the
following formula:

U/g malt = ODt/ODs* 600* EV* DF/10/0.05/0.75/342.3
in which,

ODt = the optical density of test sample at 540 nm
ODs = the optical density of the maltose standard of
600 ng

EV = mL extraction volume. It has been established
that 4 mL used to extract 0.75 g malt flour, yielded on
average 3.188 mL (3.15-3.3), the difference being retained
by the grist.

DF = dilution factor (100 in this study)

10 = min, incubation time in minutes

0.05 = mL, volume of diluted enzyme extract used

0.75 = g, weight of malt flour used in enzyme extrac-
tion

342.3 = molecular weight of maltose

The formula can be further simplified as

U/g malt = ODt/ODs* 600* 3.188* 100/10/0.05/0.75/342.3
= 1490.2* ODt/ODs.

Assay with a modified Ceralpha method. The following
modifications were introduced to the Cerapha method
described by McCleary and Sheehan'? to ensure the en-
zyme saturation with substrate during the reaction. The
substrate was prepared by dissolving the contents of one
vial of the Ceralpha substrate plus the content of another
vial which contained only the blocked p-nitrophenyl malto-
heptaoside (BPNPG; ) in 10 mL 0.1 M malate buffer pH
5.5. The reaction medium in a final volume of 0.3 mL
contained 0.25 mL substrate and 0.05 mL extract (appro-
priately diluted, 100 times under the above described ex-
traction condition). The final substrate concentration was
6.67 mM, instead of 2 mM in the original method. The
rest of the procedure was the same as in the original Cer-
alpha method™. When o-amylase was assayed at higher
temperatures in the range 50-80°C, the assay reaction was
split into two sequential steps. First, a-amylase was incu-
bated with BPNPG; only for 5 min and heated in a boiling
water-bath for 5 min to stop the reaction. After cooling,
0.1 mL mixture of amyloglucosidase and a-glucosidase
was added to the o-amylase reaction medium and incu-
bated for 10 min at 40°C. Further treatment was the same
as in the Ceralpha method™. Controls were included and
treated similarly, as mentioned above, without allowing
the enzymes to act on the substrate.

B-Amylase assay: B-Amylase assay with 3,5-dinitro-
salicylic acid method of reducing sugars. 3-Amylase was
assayed using soluble starch as the substrate at 65°C in
the presence of 20 mM ethylenediaminetetraacetic acid
(EDTA) to exclude a-amylase, which is inactive under
these conditions. Soluble starch solution (0.25 mL 50
mg/mL) in 0.1 M malate buffer pH 5.5 containing 20 mM
EDTA was pre-equilibrated at 65°C before 0.05 mL ex-
tract (appropriately diluted, usually 200 times) was added
with mixing. After 10 min, adding 2 mL 0.1 M NaOH
stopped the reaction. The maltose produced was assayed
using DNSA as described above under a-amylase. A unit
(U) of B-amylase activity was defined as the amount of
enzyme required to produce, per minute, an equivalent to
one umole of maltose under the specified conditions. Con-
trols were treated as described under oi-amylase.

Activity was calculated, as described under a-amylase
above, according to the formula:

U/g malt = 2980.4* ODY/ODs

Assay with p-nitrophenyl maltopentaose (PNPG5). (-
Amylase activity was measured according to McCleary
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and Codd™ method with the following modifications. The
substrate was prepared by dissolving the betamyl reagent
(Megazyme, Australia) in 8 mL 0.1 M malate buffer pH
5.5 containing 5 mM EDTA. The reaction medium, 0.3
mL final volume, was composed of 0.25 mL substrate and
0.05 mL extract (properly diluted). As in the case of o-
amylase, when B-amylase activity was assayed at higher
temperatures it was carried out in two steps. All the re-
maining steps were as described by McCleary and Codd*.

Limit dextrinase assay: Assay with 3,5-dinitrosalicylic
acid of reducing sugars. Limit dextrinase was assayed
using pullulan as the substrate and measuring the reducing
sugars produced with DNSA. Pullulan solution (0.25 mL
30 mg/mL in 0.1 M malate buffer pH 5.5 containing 15
mM L-cysteine) was pre-equilibrated and 0.1 mL heated
(to inactivate B-amylase) extract filtrate was added with
mixing. The reaction was continued for 10 min and
stopped by adding 2 mL 0.1 M NaOH followed by 1 mL
DNSA solution, mixing and boiling for 5 min. After cool-
ing, 2 mL distilled water was added, mixed and the ab-
sorbance was read at 540 nm. A unit (U) of activity was
defined as the amount of limit dextrinase required to pro-
duce reducing sugars equivalent to one umole of malto-
triose/min under these conditions. Controls were included
and treated in the same manner except that the enzyme
was added after sodium hydroxide.

Limit dextrinase activity was calculated using the same
procedure and the basic formula described under o-amy-
lase with the necessary alterations, as follows:

U/g malt = ODt/ODs* 600* 3.188* 1.4/10/0.1/0.75/342.3
=10.43*ODt/ODs

Assay with azure cross-linked pullulan (limit-dextri-
Zyme tablets). Limit dextrinase activity was assayed ac-
cording to the McCleary®® method using limit-dextriZyme
tablets (Megazyme, Australia) with the following modi-
fications. Enzyme extract (0.2 mL) plus 0.1 mL 0.5 M
malate buffer containing 0.15 M L-cysteine was pre-
equilibrated before adding limit-dextriZyme tablets and
incubating for 10 min after the addition of the tablets. In
controls the extract was replaced by 0.2 mL distilled wa-
ter, at the start. After the reaction was terminated by add-
ing 5 mL trizma solution, 0.2 mL extract or distilled water
was added to controls and samples, respectively. The de-
veloped colour was measured at 590 nm and the enzyme
activity was calculated using the standard curve provided
with the tablets adjusting for the changes in extract prepa-
ration and extract volume used in the assay.

Diastase (total amylolytic activities) assay: Assay with
3,5-dinitrosalicylic acid method of reducing sugars. Dia
stase activity was assayed using soluble starch as the sub-
strate and measuring the reducing sugars released with
DNSA. The procedure was the same as described under o.-
amylase except that the fresh extract (not heated) was
used. A unit (U) of diastase activity was defined as the
amount of enzymes required to release reducing sugars
equivalent to one pmole of maltose/min under the above
conditions. Alternatively, diastase activity was expressed
in maltose equivalent as grams per 100 grams dry malt per
10 min (g/100g dry mat/10 min), similar to Windisch-
Kolbach units.
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Diastase activity expressed in units was calculated ac-
cording to the same formula as B-amylase because the
same dilution factor was used.

U/g malt = 2980.4* ODY/ODs

However, when the activity is expressed as maltose
equivalent in grams per 100 g malt asin Windisch-Kolbach
units, the formula is changed, depending on the desirable
time duration used in the measurement e.g., 10 min, into
the following:

Maltose (g/100 g malt/10 min)
= 2980.4* ODt/ODs* 10* 100* 342.3/10°
=1020.19* ODt/ODs

a-Glucosidases and maltase assay. These enzymes
were differentially measured by the methods described
previously, including the sensitive method of glucose oxi-
dase peroxidase (GOPO) method and methods using syn-
thetic substrates™.

Soluble protein assay

Soluble proteins in malt extract and its Sephadex G25
filtrate were assayed by the Lowry method using bovine
serum albumin as the standard®.

Sugar/oligosaccharides analysis by high
performance liquid chromatography (HPLC)

The products of starch degrading enzymes: a-amylase,
B-amylase and diastase were analysed by HPLC. These
enzymes were incubated with pre-boiled starch for 10 min
at 65°C, dipped into ice-water, appropriately diluted and
loaded on a Dionex Carbopac PA1 analytical column (4 x
250 mm). Sugars and oligosaccharides were detected and
identified using a Water Pulsed Amperometric Detector.

Thermostability, optimal temperatures and
optimal pHs

Thermostability, optimal temperatures and optimal pHs
of starch-degrading enzymes were determined using simi-
lar procedures as described for endoproteinases'®.

RESULTS AND DISCUSSION

Extraction of barley malt enzymes

The main objective of this study, as mentioned earlier,
was to investigate the role of the starch-degrading en-
zymes and their interactions of synergistic and competi-
tive inhibitory nature during commercial mashing. For re-
search purposes, amost every enzyme is extracted by a
different and presumably specific method®#1%1220-22  Howy-
ever, industrial mashing is performed in water (some
breweries use deionised and deaerated water others as it
is, with or without added ions) in which the enzymes, the
products of their actions and other soluble materias are
extracted. Although water was the obvious choice for the
extraction of these enzymes, three other media commonly
used for the extraction of individual enzymes were tested.
These were, 0.5% NaCl, 10 mM L-cysteine and 50 mM
phosphate buffer pH 8. As part (about 20%) of the initial
medium added to the grist was retained and not fully re-



covered in the extract, the extract volume measured after
the centrifugation, and not the initial volume added to the
grist, was used in the calculation.

It is clear that all starch-degrading enzymes were ex-
tracted reasonably well with all four media tested (Table
). However, phosphate buffer pH 8.0 seemed to be the
best medium for extracting starch-degrading enzymes
despite the L-cysteine added medium having the highest
protein extract. However, the latter is due to the contribution of
the extraction medium L-cysteine, which is eliminated by the
Sephadex filtration. The fact that the phosphate buffer (pH 8) is
the best medium suggests that either the high pH or the added
phosphate ions (higher concentration) enhance the release
of more enzymes. Indeed, the phosphate buffer extract-
filtrate (G-25 Sephadex) has the highest soluble protein
concentration, as seen in Fig. 1. The increase in extracted
enzymes was particularly evident in the case of maltase
activity which was 3-fold higher in phosphate buffer ex-
tract than in water. However, athough phosphate buffer
pH 8.0 seems to be the best medium for extraction of
starch-degrading enzymes, it is far displaced from the
optimal pHs (4.0-5.5) of all the enzymes, rendering it un-
suitable for mashing and starch degradation. The general
pattern was consistently the same with al four media,
showing a- and B-amylases as the two enzymes exhibiting
the highest levels of activity, constituting more than 99%
of the total activity.

Assay of starch-degrading enzymes

Assay with synthetic substrates. McCleary and oth-
erst1%1220 have devel oped some specific and simple meth-
ods for the individual assay of all malt starch-degrading
enzymes using synthetic substrates. A critical appraisal of
some of these methods has revealed some minor weak-
nesses. For instance, the test for linearity with blocked p-
nitrophenyl maltoheptaoside (BPNPG,) as the substrates
for a-amylase has shown that the linearity was restricted
to the low levels of enzyme extracts (Fig. 2 A). Moreover,
the enzyme activity declined steeply with the increase in
incubation time (Fig. 2 B), suggesting insufficient level of
substrate saturation. Indeed, the increase in substrate con-
centrations improved the linearity and exhibited higher
activity levels for the same amount of a-amylase extract
used, as seen in Fig. 2. These results indicate that though

the method is fine for general qualitative assay, specia
care should be given to the amount of enzyme used and
the duration of the reaction. Similar results (not presented)
were obtained with B-amylase and p-nitrophenyl malto-
pentaoside (PNPG;). Furthermore, the comparison of pH
optima of these enzymes with natural and synthetic sub-
strates (Fig. 3) revealed that the pH optima for o- and p-
amylases were higher with synthetic than with natural
substrates. This may be insignificant for general purposes
of enzyme assay but it reveals that changes in substrate
structure affect the interaction between the enzyme and
the substrate.

The solubility of p-nitrophenyl glucose (PNPG) for the
assay of a-glucosidases was found to be very low at room
temperature, but improved with warming. Consequently,
the activity measured with this synthetic substrate was
much lower than with the natural substrates®?. A similar
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FIG. 1. Comparison of malt soluble proteins extracted in four
media water, salt, L-cysteine solutions and phosphate buffer.
Extracts in the corresponding media: Water-E, Salt-E, L-Cys.-E
and Phosph.B.-E; and the Sephadex G-25 filtrates of the same
media extracts: Water-EF, Salt-EF, L-Cys.-EF and Phosph.B.—
EF.

TABLE I. Activities of starch-degrading enzymes assayed individually and collectively (diastases) under different conditionsin common extracts.

Activities (U/g dry malt)2

Limit a-Amylase B-Amylase
Enzyme Maltase «-Glucosidase dextrinase Boiled Boiled Diastase?
Substrate® Maltose Boiled starch  Pullulan BPNPG7 starch PNPG5 starch Boiled starch
Assay T
Extraction media °C 40 40 40 40 65 40 65 65 WK
Water 0.1 21 0.31 188 1195 507 853 2354 805
Salt (0.5% NaCl) 0.14 2.4 0.35 275 1261 682 1086 2508 858
10 mM L-Cysteine 0.08 182 0.37 175 1203 553 1082 2458 841
50 mM Phosphate
buffer (pH8) 0.34 222 0.66 277 1590 522 1023 2901 992
aMean of 8 estimates.
bDiastase is the common name for all starch-degrading enzymes.
¢BPNPG;: blocked p-nitrophenyl maltoheptaoside, PNPG5: p-nitrophenyl maltopentaoside.
dWK activities expressed in maltose equivalent (9/100 g dry malt/10 min/65°C).
VOL. 108, NO. 2, 2002 207



situation was al so observed with limit dextrinase. To elimi-
nate some of these limitations, modifications were intro-
duced, mainly to increase the final substrate concentra-
tions in the reaction media. These changes were described
under Materials and Methods. In addition attempts to im-
prove existing methods, new alternative methods based on
natural substrates were developed and are discussed in
more detail below.

Assay with natural substrates

Assay of a-amylase, B-amylase and diastase using
starch as the substrate and the DNSA method of reducing
sugars. The most accurate means of evaluating the roles
of individual starch-degrading enzymes during hydrolysis
isto follow (1) starch disappearance or (2) the appearance
of the products released. However, thisis not always pos-
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FIG. 2. Effects of enzyme and substrate BPNPG, concentrations [2 mM (-CJ-) and 4 mM (-B-)] on the linearity of the o-amylase re-
action (A) and the effects of substrate concentration and the length of incubation time on the enzyme activity measured (B). The en-
zymes were extracted and assayed as described under Materials and Methods. The extract was diluted to obtain different enzyme con-

centrations in the same final reaction medium.

== alpha-Amylase
={}=beta-Amylase

0.7 - ——alpha-Glucosidase
== Limit dextrinase
0.6 - —— Maltase

—@—Diastase

Absorbance (510 & 540 nm)
o o o o
N W A O

e
-
A

o
1

3 4 45 5 55 6 65 7
pH

== alpha-Amylase
={=beta-Amylase
0.8 —#— alpha-Amylase2 0.5
0.7 - 0.45
e 04 =
£ 0.6 - £
c U c
o 0.35 S
3 0.5 03 &
S 0.4 0.25 &
c c
£ 0.3 - 02 2
(] (]
[} 0.15 n
o <
< 02 01 <
0.1 1 0.05
0 - 0

335445555665775
pH

FIG. 3. The pH profiles of barley malt starch-degrading enzymes assayed with (A) natural substrates and (B) synthetic substrates
Ceralpha (410 nm) and Phadebas (620 nm). Enzymes were extracted and assayed as described under Materials and Methods. a-Amy-
lase2 (A 620 nm) was heated at 70°C for 7 min to inactivate 3-amylase, before incubating with Phadebas substrate.
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sible because all the enzymes are present together and act
simultaneously on starch as well as the intermediate prod-
ucts, ultimately releasing some common products.

To surmount this problem, firstly, the existence and the
level of each enzyme in the malt mixture was assessed
(Table 1). It was found that a-glucosidases and limit dex-
trinase were present in such small levels (< 1%), com-
pared to a- and B-amylases, that their effects on the latter
two could be ignored. Secondly, the conditions under
which both o- and 3-amylases could be measured without
mutual interference were established. a-Amylase was
assayed after inactivation of 3-amylase by heating at 70°C
in the presence of calcium ions and 3-amylase was mea-
sured at 65°C in the presence of EDTA to inhibit the for-
mer. The validity of these assays and their specificity were
verified by the analysis of the profiles of the sugar prod-
ucts by high performance liquid chromatography (HPLC)
(see Fig. 4). It is evident from the HPLC profiles that the
products of a-amylase (Fig. 4A) were different from those
of B-amylase (Fig. 4C), and both were different from that
of diastase (Fig. 4B), which is basically the result of their
combined action.

The products of a-amylase reflected the endo-amylo-
lytic nature of the action of this enzyme and were mainly
large oligosaccharides, eluted later (> 28 min). In contrast,
the product of B-amylase was maltose (17 min). The pro-
file of the products of diastase (Fig. 4B) reflected the
combined action of these two enzymes. Nevertheless, they
were similar in some aspects and different in others. The
peak for maltose observed with 3-amylase remained and
increased while in contrast, the peaks for larger oligo-
saccharides, the products of o.-amylase diminished and the
peaks for maltotriose (25 min) and maltopentaose in-
creased (28 min). Theincrease in the maltotriose peak was
most noticeable and suggested that this sugar was proba-
bly produced by the alternating/combined action of a.- and
[3-amylases on oligosaccharides.

a-Amylase activity is only one-third that of 3-amylase
when measured with synthetic substrates, but is higher
measured with starch. These results reflect the vulnerabil -
ity of B-amylase to heat and its inability to degrade starch
beyond the branching points. It also demonstrates the im-
portance of a-amylase activity and its synergistic effect on
B-amylase for an efficient and complete degradation of
starch during mashing.

TABLE Il. Summary of statistical analysis of the mean enzyme activ-
ities (U/g dry malt), n=8.

Enzymes Substrate Mean2  SDP SE¢  CVi%
o-Amylase BPNPG;® 188 12.24 433 6.52

Starch 1195 29.07 10.28 2.43
B-Amylase PNPG5f 507 1142 4.04 2.25

Starch 853 26.43 9.34 31
Diastase Starch 2354 7097  25.09 3.01
Limit dextrinase  Pullulan 0.305 0.035 0.012 11.29
o-Glucosidase Starch 2.07 0.09 0.03 4.39
aMean activity (U/g dry malt).

b Standard deviation.

¢ Standard error.

dCoefficient of variation.

eBlocked p-nitrophenyl maltoheptaoside.
f p-Nitrophenyl maltopentaoside.
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FIG. 4. HPLC profiles of the oligosaccharides and sugars pro-
duced by the action of a-amylase (A), diastase (B) and [3-amy-
lase (C) on boiled starch in 10 min incubation at 65°C. The X —
axisistime (min) x 10. The peaks at 17, 25 and 28 min are mal-
tose, maltotriose and maltopentaose, respectively.
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Diastase or diastatic power (DP) measurement, asiit is
popularly known is very important for assessing the activ-
ity of starch-degrading enzymes in malting and brewing
industries. However, the lack of a close correlation be-
tween diastatic power and a-amylase activity, in contrast
to that of B-amylase, is a cause for concern. It appears that
our new method may resolve that discrepancy because
both - and B-amylases as well as diastase are measured
with the same method. The results in Table | support this
contention, as diastase activity seems to be equa to the
sum of a- and B-amylase activities, plus the contribution
of the other enzymes and the synergistic effects. The re-
sults indicate a similar contribution by a- and -amylases
plus avery minor contribution by limit dextrinase, maltase
and o-glucosidase and the rest can be attributed to the
synergistic effect of a- amylase on 3-amylase action.

We present the diastase activity expressed in two dif-
ferent forms or two types of units qualitative and quanti-
tative. First expressed qualitatively in the normal conven-
tional enzyme units and second expressed quantitatively as
grams of maltose equivalent, produced in 10 min of mash-
ing of 100 grams of malt (--g maltose equivalent/100 g
malt/10 min). The latter is very similar to the popular
Windisch-Kolbach and the American Society of Brewing
Chemists (ASBC) units. The procedure for the enzyme
unit’s calculation, described here, allows the inter-conver-
sions of the units for easy comparison and assessment.
Furthermore, the use of the two types of units allows as-
sessing, on the one hand, as to how active the enzymes are
and how much activity is available and, on the other hand,
how much sugar they can produce from starch in a speci-
fied period of mashing time.

Choice of 3,5-dinitrosalicylic acid

The 3,5-dinitrosalicylic acid (DNSA) was chosen over
the similar reducing agent p-hydroxybenzoic acid hy-
drazide because it was less damaging on starch and pro-
duced much less background colour in the blank and con-
trols. This was particularly evident when pullulan was
used for limit dextrinase assay. The results in Fig. 5 dem-

0 0.2 0.4 0.6 0.8 1
Maltose (mg)

FIG. 5. Standard curve of maltose using 3,5-dinitrosalicylic acid
reagent method.
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onstrate the linearity (r = 0.997) of the reaction between
standard maltose and DNSA. Similar linearity curves were
also obtained (Fig. 6) with the reducing sugars produced
by the action of varying amounts of o- and -amylases.
Furthermore, the summary of the statistical analysis given
in Table I shows that the coefficient of variation of means
was very low and compared well with the synthetic sub-
strate methods. Moreover, the methods using the natural
substrates, are simple, reliable, precise, and most of al are
much more economical. There are no special reagents
required and no mandatory use of the pre-prepared stan-
dard curveis necessary.

Limit dextrinase assay

Limit dextrinase hydrolyses the a-(1-6) glycosidic link-
ages of the branching points in amylopectin, releasing
oligosaccharides or most probably maltotriose from f3-
limit dextrins. There are some major constraints that hin-
der the development of specific assay methods for this en-
zyme. Among these are, lack of proper substrate, possible
interference by a- and -amylases and the coexistence of
specific limit dextrinase inhibitors in the mal 82022,

McCleary® has developed some methods using modi-
fied pullulan, red pullulan, Azurine-Cross-Linked and
Limit-DextriZyme. It is given in that form by the supplier,
tablets as substrates, the latter being the recommended by
the author. All the methods of limit dextrinase assay re-
quire prolonged periods (2-16 h) of enzyme extraction
from malt®1%182, Sych long extraction times are incom-
patible with the purpose of role evaluation of limit dextri-
nase in starch degradation during industrial mashing,
which is less than 2 h. After intensive preliminary investi-
gations, it was found that the assay with pullulan as the
substrate and the measurement of reducing sugars released
was more sensitive than other methods. Three factors con-
tributed to this development. First, Sephadex G-25 filtra-
tion of the malt extract removed glucose and similar sug-
ars. Second, L-cysteine included in the reaction medium
was found to stimulate the enzyme and third, the substrate
(pullulan) concentration was increased to ensure saturation

—&— Alpha-Amylase
—— Beta-Amylase

0.9
0.8 1
0.7 -1
T 0.6 1

0 50 100 150 200 250
Enzyme extract (ul)

FIG. 6. Linearity of production of reducing sugars from boiled
starch by different concentrations of a-amylase (-lM-) and B-
amylase (-[J-) assayed with DNSA.



levels and maximum activity. The mechanism by which L-
cysteine promotes limit dextrinase activity (Fig. 7) is not yet
clear but it may have something to do with the inhibi-
tors®82L, The main objection againgt the use of the reducing
sugars to assay limit dextrinase is that 3-amylase may fur-
ther hydrolyse its products. This was eliminated by pre-in-
activating B-amylase by hesat treatment, as described under
the a-amylase assay method.

Assay of a-glucosidases

The assay of a-glucosidases was greatly enhanced and
simplified by the inclusion of a Sephadex G-25 filtration
step in the extraction and preparation of malt extract!,
This step secured the prompt and complete removal of
glucose from the extract, thus opening the way for the use
of natural substrates and the measurement of the glucose
released by the sensitive glucose oxidase peroxidase
method. Distinction has been made between maltase
which specifically acts on maltose and other a-glucosi-
dases which act on oligosaccharides because of their dif-
ferent impacts on other starch-degrading enzymes.

The choice of assay pH

The pH optima for individual enzymes and diastase as-
sayed with natural substrates are shown in Fig. 3A and
with synthetic substrates in Fig. 3B. It is interesting to
note that the pH optima for a- and B-amylases were at
least one point higher with synthetic substrates compared
to starch. The optimum pH for diastase (pH 5.0-5.5) occu-
pies a midway point between the pH optima of all individ-
ual starch-degrading enzymes. It also coincides with the

recommended pH (5.5) of industrial mashing’. Therefore,
pH 5.5 was chosen as the pH of assay for all enzymes to
evaluate their individual and synergistic roles in starch
degradation during mashing.

Thermostability and optimal temperatures

The results of thermostability and optimal temperatures
of starch-degrading enzymes are shown in Figs 8A and
8B, respectively. Thermostahility is an essential require-
ment of starch degrading enzymes for the industrial use of
barley. This is because raw starch is difficult to hydrolyse
and its gelatinisation requires temperatures above 60°C.
These results indicate and confirm the reports that o-amy-
lase is the most thermostable starch-degrading enzyme
and that B-amylase is the least. Their optimal temperature
also supported this fact, which is over 60°C for a-amylase
and 50°C for B-amylase. Limit dextrinase exhibited a simi-
lar thermostability to a-amylase, whereas maltase and .-
glucosidase were similar to B-amylase. Understandably,
diastase that represents all the enzymes, displayed an
intermediate position in both thermostability and optimum
temperature. It is interesting to note that maltase and o-
glucosidase, though labile and losing more than 80 % of
their activity within 20 min of mashing, have an optimal
temperature of 60°C. This is most likely due to (a) sub-
strate protection against heat and (b) variation in the me-
dia density (i.e. the mashing medium having more solutes
than the reaction medium). It is pertinent to add that the
methods of enzyme assay used in determining thermo-
stability and optimal temperatures were based on natural
substrates, which more closely reflects what happens dur-
ing mashing.

03T
A- Substrate- Pullulan

0.25¢
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0 A ' ' ' : 0 -
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FIG. 7. Effect of adding albumin, L-cysteine, calcium, or magnesium to the reaction medium of limit dextrinase with pullulan (A), and
L-cysteine and dithiothreitol (DTT) with limit-dextriZyme as substrate. The enzyme extraction and assay were as described under

Materials and Methods.
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General discussion

Malt starch-degrading enzymes are very important for
the brewing and distilling industries. Malting barley with a
high DPis always in great demand especially when mash-
ing for brewing and digtilling is carried out with starch
containing adjuncts. Today’s breeding science is capable
of manipulating genes to produce barley with the desirable
qualities for end users. However, a lot of details about the
desirable qualities are not yet known. For instance, the
diastatic power that is generated by the production of re-
ducing sugars by the collective action of the four starch-
degrading enzymes. These enzymes act in an orchestrated
sequential manner driving the reaction to completion.
How do these enzymes behave in a common mixture with
the common substrates, do they compete, act synergisti-
caly or both? These are some of many questions that need
answering, before any quality-defined specific attempts
for transforming genes of starch-degrading enzymes can
be approached.

To address these issues, we reguire specific methods of
assay of these enzymes in a common extract that resem-
bles and directly relates to their action during mashing.
Hence, we evaluated the popular conventional methods
and developed new methods using starch as the substrate
for a- and B-amylases. Similarly, we developed methods
for maltase, a-glucosidase and limit dextrinase using mal-
tose, oligosaccharides and pullulan as substrates, respec-
tively, as discussed above. The modified substrates, being
specific for one enzyme, will only exhibit the initial
and/or the successive steps of the actions of one enzyme
and will not reflect the synergistic competitive phenomena

discussed above. The new methods are more reflective,
simple, economic and accurate (Table I1).

The results indicate that a- and 3-amylases are the two
dominant enzymes contributing over 99 % of the total
diastase activity of the malt. Limit dextrinase has a very
low comparative activity. However, this does not diminish
the importance of limit dextrinase as the only malt starch-
degrading enzyme that hydrolyses the a-(1-6) glycosidic
bonds in starch. In addition, its action is assumed to syner-
gistically promote the actions of both a- and [3-amylases.
a-Glucosidase acts on starch and oligosaccharides to pro-
duce glucose from the reducing end, thus competing with
B-amylase and inhibiting it. Maltase degrades maltose
produced by the action of B-amylase, also releasing glu-
cose. However, the predominant product of the collective
action of all enzymes, except maltase, during mashing is
maltose. Moreover, for the best uptake of maltose by the
brewer’s yeast, only a minimal level of glucose is toler-
ated™. Hence, neither o-glucosidase nor maltase is impor-
tant for brewing and their presence and activities should
be kept to the minimum required for germination and
yeast growth.

It is evident that o- and -amylases are the most im-
portant malt starch-degrading enzymes for brewing. They
produce different products, when acting alone, compared
to the products of their combined action (Fig. 4). How-
ever, more fermentable sugars were produced by their
combined action (Fig. 4B), reflecting some synergistic
interaction between these two. This fact was also con-
firmed by the results in Table |, showing the sum of their
individual activities being less than that of the diastase
activity.
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—{1— Beta-Amylase
—e— Limit dextrinase
100 - —o— Diastase
—A— Alpha-glucosidase
—A— Maltase
—~ 80 A
X
2
S 601
e
o
<
40 -
20 ~
0
0 10 20 30 40 50 60
Mashing time (min)

120

100

80 A

60

Activity (%)

40 H

20 T

20 30 40 50 60 70 80
Temperature (C)

FIG. 8. Thermostahility of starch-degrading enzymes measured with natural substrates, under ssimulated mashing conditions in 1:4
(grist/liquid) ratio (A) and optimal temperature determined with natural substrates and incubated for 5 min (B).
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Although fermentable sugars are highly sought, there
are some other beer quality attributes served by oligo-
saccharides, such as mouth feel, colour, foam formation
and retention. Variability in the products of these two en-
zymes indicates that it is possible to manipulate the ac-
tions of theses two enzymes to suit the needs of the brew-
house. For instance, if more fermentable sugars are
needed then more B-amylase activity and less a-amylase
activity should be pursued and vice versa. Part of thisregu-
lation can be achieved in the brewhouse by adjusting pH,
temperature, and the amounts of calcium and, if permis-
sible, EDTA added to acquire the necessary equilibrium.
Finally, equilibrium and the balance between these two
enzymes is the key in any attempt to achieve the best out-
comes from gene manipulation in breeding or the use of
enzyme regulators in the brewhouse.

Maltose, produced by the action of B-amylase, is the
predominant fermentable sugar of the wort. Most high
quality malting barley varieties have a high content of -
amylase, however, its low thermostability is a problem
that needs to be considered in gene manipulation. Both o.-
amylase and limit dextrinase have a synergistic effect on
-amylase action, but they are also competitive enzymes
competing for the common substrate. o-Glucosidase is a
competitive inhibitor of (3-amylase. Hence for the best
outcome, preference should be given to the conditions that
promote f-amylase action by down-regulating the nega-
tive and up-regulating the positive effects of the other en-
Zymes.

The total malt starch-degrading enzyme activity level,
as represented by the Franklin barley variety, is high
enough to degrade the starch in malt, provided it is free
and can be gelatinised without damage to the enzymes.
The activities in Table | show that one-gram of malt con-
tains enzyme activity that can degrade 8 g of boiled starch
in 10 min at 65°C. As barley grain contains about 60-70 %
starch that means the enzyme activity in one-gram malt is
enough to degrade the starch in 12 g or more of malt. In
other words, this means that the level of starch-degrading
enzymes is not the limiting factor in starch degradation,
even in mashing with starch adjuncts. These findings also
indicate that it would be possible or even probable to pre-
gelatinise the malt starch to enable the enzymes in smaller
amounts of malt to hydrolyse it to fermentable sugars dur-
ing mashing. Under these mashing conditions tempera-
tures can be down regulated to the optimum temperature
of B-amylase (50°C) to maximise maltose production.

It is clear, that alot can be achieved by understanding
the roles and interaction of these enzymes. The sugges-
tions to improve starch gelatinisation in conjunction with
the high malt enzyme potential will greatly increase the
mashing capability to produce the desirable fermentable
sugars. Consequently, it will be possible to direct further
breeding efforts towards improving other quality traits.

CONCLUSION

New methods were developed for the specific assay of
starch-degrading enzymes in barley malt. All starch-
degrading enzymes can be extracted in water in half an
hour, resembling mashing and allowing a better assess-
ment of the contribution of each enzyme in the whole pro-

cess, in comparison to extracting each individual enzyme
in a different medium. a-Amylase and (-amylase were
specifically assayed using starch as the substrate and mea-
suring the reducing sugars produced. The measurement of
o-amylase and diastase activity (DP) with this new
method incorporates 3-amylase activity as the difference
between diastase and a-amylase. This method is simple,
sensitive, more economic and ensures more meaningful
interpretation. The specific assays of a-glucosidases, mal-
tase and limit dextrinase were greatly enhanced by Sepha-
dex G-25 filtration of the malt extracts. Limit dextrinase
can be specifically assayed with pullulan as substrate in
the presence of L-cysteine and measuring the reducing
sugars released after heat inactivation of B-amylase. The
pH range of 5.0 to 5.5 is the optimum for diastase (DP)
assay and coincides with the pH of the commercial mash-
ing.

B-Amylase is the enzyme that produces the most domi-
nant fermentable sugar of the wort, hence, it is the most
important enzyme for brewing and the other enzymes
complement its action. a-Amylase enhances malt starch
degradation during mashing to maltose, by producing olig-
saccharides and synergistically increasing the efficiency of
-amylase. Therole of limit dextrinase is the hydrolysis of
a-(1-6) glycosidic bonds of the branching points that fa-
cilitate the action of both o- and B-amylases. a-Glucosi-
dases and maltase are unimportant for brewing because
their product, glucose, in high quantity is detrimental to
maltose uptake and fermentation by yeast. In addition, o-
glucosidases competitively inhibit 3-amylase.

The level of starch-degrading enzymes in malting bar-
ley varieties is not the limiting factor in starch degradation
during mashing. The high malt enzyme potential enables
the use of a combination of higher temperatures to gelati-
nise malt starch and hydrolyse it to fermentable sugars
using a small amount of malt and lower mashing tempera-
tures. Further attention and efforts should be directed to-
wards improving starch-composition, accessibility to en-
zymes and other quality attributes.
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