
 
 

 

A
uth

or's
 

co
py 

 

Biologia 63/6: 989—999, 2008
Section Cellular and Molecular Biology
DOI: 10.2478/s11756-008-0169-x

Review

Amylase action pattern on starch polymers
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Abstract: Several decades ago, the first reports on differences in action pattern between amylases from different sources
indicated that the starch polymers are not degraded in a completely random manner. We here give an overview of different
action patterns of amylases on amylose and amylopectin, focusing on the so-called multiple attack action of the enzymes.
Nowadays, the multiple attack action is generally an accepted concept to explain the differences in amylase action pattern.
However, the pancreatic α-amylase remains one of the few enzymes known with a considerable level of multiple attack action.
Despite some recent studies, the molecular mechanism of the multiple attack action is still largely unclear. Probably, the
degree to which the active site architecture and binding properties allow both the reorganization (sliding) of the substrate
in the active site and the stabilisation of the productive enzyme/substrate complex mainly determine the multiple attack
action of amylases.
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Abbreviations: BAA, Bacillus amyloliquefaciens α-amylase; BLA, Bacillus licheniformis α-amylase; BSuA, Bacillus sub-
tilis α-amylase; BStA, Bacillus stearothermophilus maltogenic α-amylase; DMA, degree of multiple attack; DP, degree of
polymerisation; GH, glycoside hydrolase; MW, molecular weight; PPA, porcine pancreatic α-amylase; RVTS, total level of
reducing sugars; RVPS, level of reducing polysaccharides; SBD, starch binding domain; TAKA, Aspergillus oryzae α-amylase;
λmax, wavelength of maximal extinction.

Introduction

The amylase-catalysed hydrolysis of starch is among
the most important industrially applied enzyme reac-
tions (Gupta et al. 2003). The susceptibility of starch
to amylase attack depends on the properties of the spe-
cific starch, such as e.g. degree of gelatinization, and
the characteristics of the specific amylase. Many studies
deal with the amylolysis of native starch and focus on
the effects of substrate characteristics, such as granule
size, shape and structure and amylose content. In addi-
tion, amylases showed widely different activities on var-
ious kinds of solubilised starches (Mukerjea et al. 2006).
Amylases are, hence, often defined by their starch de-
grading characteristics and less by their action on the
individual starch polymers. It is often accepted that
amylases mainly randomly hydrolyse amylose and amy-
lopectin. However, the finding that amylases from var-
ious sources degrade starch in a different, non-random
manner has first been discussed several decades ago. We
here give an overview of the different action patterns of
amylases on amylose and amylopectin, focusing on the
so-called multiple attack action of the enzymes.

The substrate: amylose and amylopectin

The native starch granule is mainly made up of two

glucose polymers, i.e. amylose and amylopectin. Amy-
lopectin is, in general, the major fraction of starch, with
levels ranging from 75 to 85% (Manners 1979) for nor-
mal starch to even more than 99% for waxy varieties,
which are essentially amylose free (Singh et al. 2003).
High amylose mutant starches exist as well with amy-
lose levels ranging from 40 to 80% (Manners 1979; Jane
et al. 1999; Song & Jane 2000).
Amylose is an essentially linear starch polymer of

α-(1-4) linked D-glucopyranosyl units with very few α-
(1-6) branch points (Hizukuri et al. 1981; Buléon et al.
1998). It has a degree of polymerisation (DP) in the
range of 500–6000 glucose residues. Amylose can form
inclusion complexes with e.g. lipids, alcohols and io-
dine (Zobel 1988). With iodine, a coloured complex is
formed, with colour intensity and wavelength for max-
imal extinction (λmax) depending on the concentration
and average chain length of amylose (Bailey & Whelan
1961; Banks et al. 1971). The minimum chain length
necessary for iodine colour formation is 18 glucose units
(Bailey & Whelan 1961). Intensity and λmax increase
linearly with chain length to about 70 glucose units.
Concomitantly, the colour changes from brown to red
to purple and finally blue (at DP 45 and up).
Amylopectin is a branched starch polymer

consisting of many short chains, each made up by
α-(1-4)-linked D-glucopyranosyl units, which are inter-
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Fig. 1. Structure of amylopectin, identifying A, B and C chains. Adapted from Hizukuri (1986, 1996). Solid line: α-1,4 bound glucose
units; arrow: α-1,6 linkage; ø: reducing glucose residue.

linked by α-(1-6) bonds. It is one of the largest poly-
mers in Nature, with a DP ranging from 3×105 to
3×106 glucose units (Zobel 1988). However, the indi-
vidual amylopectin chains vary between 10 and 100
glucose units (Manners 1979). Nowadays, the cluster
based amylopectin structure model is widely accepted
(Fig. 1). In this model, the linear A-chains (DP 12-16)
are linked to linear B-chains, which, in their turn, are
linked to other B-chains or to the C-chain, which carries
the only reducing glucose residue. The B-chains can be
further divided into B1- (DP 20-24), B2- (DP 42-48),
B3- (DP 69-75) and B4-chains, depending on the num-
ber of clusters they belong to (Hizukuri 1986, 1996).

The enzyme: amylases

Classification

Amylases are glycoside hydrolases (GHs), which act
upon the bonds between the glucose units of the starch
polymers. Several GH classification systems exist. One
of the simplest classifications is based on substrate
specificity. Each enzyme is characterized by an EC num-
ber based on the recommendations of the International
Union of Biochemistry and Molecular Biology. GHs are
characterized by the number EC 3.2.1.x, with the x rep-
resenting the substrate specificity or in some cases the
molecular mechanism or type of linkage (e.g. EC 3.2.1.1,
α-amylase; EC 3.2.1.2, β-amylase; EC 3.2.1.3, glu-
coamylase). Difficulties arise with this substrate speci-
ficity based classification, when an enzyme hydrolyses
several substrates. Moreover, this classification does not
reflect structural or mechanistic characteristics of en-
zymes (Henrissat & Davies 1997). The classification
into GH families, based on amino acid sequence and
structural similarities, is probably the most powerful
and common one, since the amino acid sequence of
an enzyme gives important structural and mechanis-
tic information of the enzyme (Henrissat 1991; Henris-
sat & Davies 1997; Coutinho & Henrissat 1999; CAZy-
server http://www.cazy.org/). However, some GH fam-
ilies group together different enzyme activities, which
complicates the prediction of gene function based on se-
quence alone. The starch degrading enzymes are found
in only a few of the numerous GH families, mainly in
GH family 13, but also in GH family 14 and 15 (Hen-
rissat 1991; Coutinho & Henrissat 1999).

Family 13 glycoside hydrolases

Enzymes from GH family 13, also called the α-amylase
family, are enzymes that hydrolyse and/or transglyco-
sylate α-(1-4) and/or α-(1-6) glucosidic linkages. They
have a (β/α)8 barrel structure with four highly con-
served regions in their primary structure which con-
tain the catalytic and the major substrate-binding
sites. In addition, they have conserved aspartate, glu-
tamate and aspartate residues in the catalytic site
(Kuriki & Imanaka 1999). Several starch acting en-
zymes belong to this GH family 13, such as α-amylase
(EC 3.2.1.1), maltogenic α-amylase (EC 3.2.1.133), pul-
lulanase (EC 3.2.1.41) and isoamylase (EC 3.2.1.68)
(Coutinho & Henrissat 1999; http://www.cazy.org/).
Recently, several subfamilies have been identified (Stam
et al. 2006).
The α-amylases of GH family 13 have three struc-

tural domains in common, referred to as the A, B and
C domains. The A domain is the catalytic domain and
is folded into a (β/α)8 barrel structure. The B domain
protrudes at the third β strand of the A domain and
is involved in substrate or Ca2+ binding. The catalytic
(β/α)8 barrel is succeeded by the C domain, of which
the role is largely unknown. However, it has been sug-
gested that the C domain is involved in the enzyme ac-
tivity (Jespersen et al. 1991; van der Maarel et al. 2002).
The catalytic domain contains the active site which is
composed of a catalytic site and an array of subsites,
each of which interacts with individual glucose residues
of the substrate (Davies et al. 1997). The number of
these subsites and the position of the catalytic site de-
pend on the amylase. In general, differences in substrate
specificity of enzymes are explained by differences in
the number of subsites, a different affinity for glucose
residues of each subsite, different amino acid compo-
sition and differences in the catalytic site (MacGregor
1993). Many amylases possess additional domains, such
as a starch binding domain (SBD). This is almost exclu-
sively positioned at the C-terminal part of the amylase
(Janecek & Sevcik 1999) and makes it possible for the
amylase to bind and hydrolyse native granular starch
(Juge et al. 2006). It functions independently of the
amylase. For certain α-amylases, e.g. a raw starch de-
grading α-amylase from Cryptococcus sp., this domain
seems also responsible for the thermostability of the
amylase (Iefuji et al. 1996).
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α-Amylases. These are endo-acting amylases which
hydrolyse the α-(1-4) glycosidic bonds of the starch
polymers internally. Upon starch hydrolysis, they form
oligosaccharides with varying chain length and differ-
ent α-limit dextrins containing α-(1-6) bonds. Next to
the main hydrolysis action of α-(1-4) bonds, α-amylases
show also a weak transglycosylation of α-(1-4) bonds
(Kuriki & Imanaki 1999).
Maltogenic α-amylases. They hydrolyse α-(1-4)

glycosidic bonds of the starch polymers, thereby lib-
erating α-maltose (Outtrup & Norman 1984; Christo-
phersen et al. 1998). Their precise mode of action
is not completely clear. Some reports suggest that a
maltogenic α-amylase from Bacillus stearothermophilus
(BStA) acts as an exo-amylase (Bowles 1996; Kragh
2002). However, consistent with the characteristics of
an endo-α-amylase, this enzyme does not require a
non-reducing end, it does not invert the anomeric con-
figuration (Christophersen et al. 1998), its active site
is located in an open cleft (Dauter et al. 1999) and
it can greatly reduce amylose molecular weight (MW)
(Christophersen et al. 1998; Leman et al. 2005). Next to
the three common domains (A, B and C), BStA pos-
sesses two additional domains, D and E, with the E
domain involved in binding to native granular starch
(Dauter et al. 1999).
Isoamylase and pullulanase type I. These two en-

zymes hydrolyse exclusively α-(1-6) glucosidic bonds.
The main difference between these enzymes is the min-
imal length of the side chain which can be released.
Isoamylase is the main starch debranching enzyme and
only hydrolyses α-(1-6) bound glucose oligomers with
a DP of a least three. The main substrate of pullu-
lanase is pullulan, but this enzyme can also hydrolyse
α-(1-6) bound maltose in amylopectin and β-limit dex-
trins (Hoseney 1994; van der Maarel et al. 2002).

Family 14 & 15 glycoside hydrolases

β-Amylases. This amylase can be found in GH fam-
ily 14 and has a core (β/α)8-barrel catalytic domain
(Coutinho & Henrissat 1999). β-Amylases are truly
exo-acting amylases. They hydrolyse α-(1-4) glycosidic
bonds in starch and starch fragments and liberate β-
maltose successively from the non-reducing ends of the
starch polymers. These enzymes can not pass the α-
(1-6) branching points of starch. Therefore, amylose
is nearly completely hydrolysed into maltose and mal-
totriose, while the end point of amylopectin hydrolysis
consists of maltose and β-limit dextrins (Hanes 1937).
Glucoamylases. These members of GH family 15,

are generally multidomain enzymes consisting of a
catalytic domain folded as a twisted (α/α)6 barrel
with a central funnel-shaped active site connected to
a starch binding domain. Glucoamylases are inverting
exo-amylases releasing β-glucose from the non-reducing
ends of starch with a single displacement mechanism.
They hydrolyse especially α-(1-4) bonds but also to
limited extent α-(1-6) glucosidic bonds (Pazur & Ando
1960). More information can be found in the reviews by,
e.g., Sauer et al. (2000) and Norouzian et al. (2006).

Action pattern of amylases

Several aspects of amylase mode of action can be distin-
guished. A first aspect deals with the action mechanism,
i.e. the hydrolysis of the glucosidic bond on a molecu-
lar scale. All the enzymes of GH family 13 retain the
anomeric configuration and work according to the dou-
ble displacement mechanism (MacGregor 1993; van der
Maarel et al. 2002). This is an acid-base catalysed re-
action, requiring a proton donor and a nucleophile, in
which a glycosyl-enzyme intermediate is formed (With-
ers & Aebersold 1995). Typically, all endo-acting amy-
lases work according to this action mechanism. In con-
trast, exo-acting amylases, such as β-amylases, are in-
verting amylases and work through the single displace-
ment mechanism (Henrissat & Davies 1997). The reac-
tion proceeds through an oxocarbenium ion-like transi-
tion state (Withers & Aebersold 1995).
Another aspect of amylase mode of action is that

several models for amylase action pattern have been
proposed, such as the random action and the multiple
attack action.

Definitions

In general, it is believed that α-amylases degrade the
starch polymers in a random manner (Gupta et al.
2003) (Fig. 2a). This has also been referred to as a sin-
gle attack or multi-chain attack action (Azhari & Lotan
1991). This mode of action implies that all bonds are
equally susceptible to hydrolysis. As a result, a rapid
decrease in starch polymer MW can be observed.
Amylases with a multiple attack action cleave sev-

eral glycosidic bonds successively after the first (ran-
dom) hydrolytic attack before dissociating from the
substrate (Fig. 2b). The multiple attack action is an
intermediate between the single-chain and the multi-
chain (or random) action. In the former, the polymer
molecule is successively hydrolysed completely before
dissociation of the enzyme-substrate complex (Fig. 2a),
while, in the latter, only one bond is hydrolysed per
effective encounter (Fig. 2c) (Robyt & French 1967).
The direction of multiple attack action is towards the
non-reducing end of the substrate (Robyt & French
1970). Robyt & French (1967) defined the degree of
multiple attack (DMA) as the number of bonds bro-
ken during the lifetime of an enzyme-substrate com-
plex minus one (i.e. the initial random cleavage). The
multiple attack action is often referred to by the more
generic term “processivity” (Breyer & Matthews 2001).
Many enzymes that synthesise, modify or degrade poly-
mers, such as granule bound starch synthase I (Denyer
et al. 1999), DNA polymerase (Kelman et al. 1998), and
endopolygalacturonase I from Aspergillus niger (van
Pouderoyen et al. 2003), act by a processive action pat-
tern.
Some authors proposed another amylase action

pattern, the so-called preferred attack action. Like in
the random attack action, one bond is broken during
the lifetime of an enzyme-substrate complex. However,
some bonds are more susceptible to hydrolysis than oth-
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Fig. 2. Schematic representation of amylase action patterns on amylose and amylose fragments. Partially redrawn from Robyt & French
(1967). represents the glucose residues linked through α-(1-4) glycosidic bonds; ø indicates the reducing end; and arrows indicate the
position of amylase attack.

ers. More in particular, bonds close to the chain ends
and/or presumably also those near the branching points
are less susceptible to hydrolysis. The probability for
bond cleavage thus depends on the position of the bond
in the chain (Thoma 1976; Banks & Greenwood 1977).

Amylases action patterns

Reports on the multiple attack action of amylases have
appeared in the literature for several decades. Many
different experimental setups and substrates have been
used for evaluating amylase action pattern, including
amylose and series of short (labelled) oligosaccharides.
The first reports on multiple attack action. β-

Amylases were the first amylolytic enzymes reported to
act with a multiple attack action. Swanson (1948) sug-
gested that β-amylase hydrolyses an amylose molecule
completely to maltose before a new molecule is at-
tacked (i.e. single chain action), since no intermediates
of short chain length were detected during the action of
β-amylase on amylose. Bailey & Whelan (1957) stud-
ied the action of β-amylase on maltohexaose, malto-

heptaose and a synthetic amylose with a DP of 49.
Their results indicated that the action pattern of β-
amylase is intermediate between single-chain and multi-
chain attack action (i.e. multiple attack action). Bailey
& French (1957) further substantiated the multiple at-
tack action for β-amylase by analyzing the products
formed during hydrolysis of a polymer with a 14C la-
belled non-reducing end. Results with crystalline sweet
potato β-amylase indicated that the enzyme removes,
on average, four units of maltose per effective enzyme-
substrate encounter, at 35◦C and pH 4.8.
Robyt & French (1963) studied the action pattern

and specificity of a Bacillus α-amylase. Although this
enzyme was reported to originate from a B. subtilis
strain, it seems that the organism was later renamed to
B. amyloliquefaciens. These authors analysed the prod-
ucts formed during hydrolysis of amylose, potato amy-
lopectin, the corresponding β-amylase limit dextrins,
and maltooligosacharides with DP in a 2 to 12 range.
For amylose and amylopectin, they found dual product
specificity with formation of predominantly maltotriose
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and maltohexaose, next to smaller amounts of mal-
tose, maltotetraose, maltopentaose and maltoheptaose.
A wide range of initial products were formed when
maltododecaose was used as a substrate, which demon-
strates a random approach of the enzyme to the sub-
strate. Based on their results, the Bacillus α-amylase
is an endo-acting enzyme that attacks the internal part
of amylose in a random way. However, these authors
suggested that after the first random attack one of the
two fragments stays attached to the enzyme and fur-
ther reactions proceed via an exo-multiple attack. Since
no maltohexaose and maltoheptaose were formed dur-
ing the hydrolysis of β-amylase limit dextrin, Robyt &
French (1963) showed that the longer oligosaccharides
produced from amylopectin exclusively originated from
hydrolysis of exterior amylopectin chains. The latter
was later also reported by Bertoft (1989) for a B. sub-
tilis α-amylase (BSuA). According to Robyt & French
(1963), the amylase has a much higher probability of
attacking non-reducing end external chains of amy-
lopectin than internal chains. In their view, the action
pattern of BSuA on amylopectin is of the exo-multiple
attack type, yielding predominantly maltohexaose and
maltoheptaose. The majority of glucose, maltose and
maltotriose released from amylopectin originates from
the interior chains between branching points since these
parts of the chains were of a size that, after the initial
cleavage, the enzyme would be able to only move over
one or two glucose units.
Abdullah et al. (1966) studied α-amylase action

patterns by evaluating amylolytic action on a cyclo-
C8 dextrin in the presence of a large excess of β-
amylase. Only endo-α-amylases can hydrolyse the cyclic
substrate. However, when the linear oligosaccharides
are released, the β-amylase rapidly hydrolyses these
oligosaccharides further into maltose. Upon hydrolysis
of the cyclo-C8 dextrin by porcine pancreatic α-amylase
(PPA), maltotriose was formed. This indicated that
PPA stays attached to the opened cyclo-C8 ring (which
hence becomes unavailable for β-amylase) and performs
multiple attacks before dissociating. On the other hand,
for the Aspergillus oryzae α-amylase (TAKA) only mal-
tose was found which indicates that this amylase shows
little if any multiple attack action (Abdullah et al.
1966).
The blue value method – amylose as substrate.

Robyt & French (1967) evaluated amylase action pat-
tern using the relation between the drop in blue value
[potassium iodide/iodine (KI/I2) binding, analysed at
620nm] and the increase in the total reducing value dur-
ing amylolysis of amylose. These authors found that
PPA, TAKA and human salivary α-amylase released
a different amount of reducing sugars for a certain de-
crease in blue value. These differences were explained by
differences in level of multiple attack action. After pre-
cipitation of the polysaccharide fraction with ethanol
and measurement of its reducing value, the number of
bonds broken per effective encounter can be represented
by the ratio between the total level of reducing sugars
formed (RVTS) to the level of reducing polysaccharides
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Fig. 3. Relation between the drop in relative KI-I2-value (as per-
centage of the absorbance of the aliquot at time point zero) and
the increase in total reducing value during amylolysis at 35◦C
and pH 6.0, using 0.1% potato amylose (a) or 0.1% waxy maize
(b) as a substrate (Bijttebier et al. 2007a,b). (◦) TAKA, As-
pergillus oryzae α-amylase; ( ) BAA, Bacillus amyloliquefaciens
α-amylase; (�) PPA, porcine pancreatic α-amylase; (•) BStA, B.
stearothermophilus maltogenic α amylase; (�) BCB, B. cereus β-
amylase. The dashed lines are the Boltzman sigmoidal lines fitted
to the experimental points.

(RVPS). This model presumes that the first attack re-
leases a polymer fragment. Therefore, the number of
subsequent bonds broken (i.e. the DMA) is given by
(RVTS/RVPS) − 1. For PPA, TAKA and human sali-
vary α-amylase, DMA values of 6.0, 1.9 and 2.0, respec-
tively, were found (Robyt & French 1967). Although
sometimes some minor changes have been made to the
setup, this method relating the decrease in iodine bind-
ing to the increase in reducing sugars is used in sev-
eral other studies on amylase action pattern (Kramhøft
et al. 2005; Atichokudomchai et al. 2006; Bijttebier et
al. 2007a,b). They all confirmed that different amy-
lases degrade amylose with a different level of multi-
ple attack action, with the porcine pancreatic enzyme
clearly showing the highest multiple attack action. In
addition, after fitting a sigmoidal curve on the data
points (Fig. 3), Bijttebier et al. (2007a,b) showed that
the (calculated) reducing value corresponding to a blue
value of 80% is highly correlated to the DMA value
(Table 1). This way, the laborious method to calculate
the DMA value (which includes a precipitation step of
the polymeric amylose fragments) can be avoided. It is
important to note that, in these studies, only the data
obtained during the initial stages of hydrolysis (when
chain end effects can be neglected) have been used to
evaluate the multiple attack action (Robyt & French
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1967; Kramhøft et al. 2005; Bijttebier et al. 2007a).
Endo-action vs. total hydrolytic actions. Since the

iodine binding value of amylose is related to amylose
MW (Bailey & Whelan 1961), the blue value method
of Robyt & French (1967) can be considered as relat-
ing the first, (random) endo-attack (resulting in the de-
crease in MW and, thus, blue value) to the total number
of hydrolysis actions (expressed by the reducing sugar
levels). Other studies used other procedures to estimate
this relation and thus evaluate the multiple attack ac-
tion.
Klein & Foreman (1980) compared the action pat-

terns of human pancreatic and salivary amylase and
PPA using Cibachron Blue F3GA amylose as substrate.
They found that the amylases generated different pro-
portions of reducing sugars for a certain amount of sol-
uble dyed fragments formed. This was explained as re-
sulting from differences in multiple attack action. Their
results were in line with those obtained by Robyt &
French (1967).
Banks et al. (1970) measured the ratio of the

weight-average DP to the number-average DP during
the initial stages of amylose hydrolysis by BSuA and
PPA. The oligosaccharides with low MW produced by
multiple attack action have a significant impact on
the number-average DP but only a small effect on
the weight-average DP. Hence, multiple attack action
would rapidly increase this ratio, while it would be con-
stant during the early stages of a more random attack.
Only for PPA a considerable level of multiple attack
action was found.
Malto-oligosaccharides as substrate. Robyt &

French (1970) also studied the amylase action pattern
using labelled maltooctaose. The multiple attack ac-
tion of PPA was reflected in the fact that the ini-
tial rates of formation of maltose and maltotriose were
higher than the rates of formation of maltohexoase
and maltopentaose, respectively. Single attack would
be characterised by equal initial rates of maltose and
maltohexaose formation and equal initial rates of mal-
totriose and maltopentaose formation. Likewise, Allen
& Thoma (1978) studied the action pattern of TAKA
using malto-oligosaccharides of DP 3 to 10. For the
substrates maltotriose and maltotetraose, no significant
level of multiple attack action was found. However, for
the oligosaccharides with DP 5 to 10 a small but mea-
surable gradual increasing extent of multiple attack ac-
tion was found, since, much like Robyt & French (1970),
they observed that the smaller hydrolysis products were
released to a higher extent than the larger ones. More
recently, Kandra et al. (1997) studied the action pat-
tern of PPA using model substrates [including (4,6)-
O-benzylidene modified, nitrophenyl containing malto-
oligosaccharides] and confirmed the multiple attack ac-
tion of this enzyme.
Multiple attack action on amylopectin? Most of the

experimental evidence for the multiple attack action of
amylases was obtained using the linear amylose sub-
strate or short linear oligosaccharides. Only few reports
deal with amylase action pattern on amylopectin.

Hutny & Ugorski (1981) suggested that PPA, in
contrast to β-amylase, can continue its multiple attack
action along the branched substrate chains. Mazur &
Nakatani (1993) and Nakatani (1996) proposed that
PPA not only acts with a multiple attack action on
amylose but can also do so on the side chains of amy-
lopectin.
Atichokudomchai et al. (2006) studied the MW

distributions of the products after α-amylolysis of a
waxy maize dispersion. They found that the amylase
with the lowest level of multiple attack action on amy-
lose (or, stated differently, the highest level of ran-
dom attack), as evaluated by the blue value method of
Robyt & French (1967), rapidly decreased amylopectin
MW and resulted in an unimodal distribution of small
branched oligosaccharides. The other two amylases with
slightly higher level of multiple attack on amylose led
to a bimodal distribution with both highly branched
fragments and low MW oligomers, presumably result-
ing from the multiple attacks on amylopectin.
Bijttebier et al. (2007b) evaluated amylase action

pattern with amylopectin as substrate using the rela-
tion between the drop in KI/I2 binding (analysed at
525 nm) and the increase in the total reducing value
(Fig. 3b). Like for amylose, the different amylases re-
leased a different amount of reducing sugars for a cer-
tain decrease in iodine binding value, but the differ-
ences between PPA and the other endo-α-amylases were
much smaller than for amylose. These differences were
primarily explained by differences in the level of multi-
ple attack action. However, it should be taken into ac-
count that the procedure based on the iodine binding
of amylopectin is much less sensitive than the amylose
blue value method.
Multiple attack or preferred attack? Bird & Hop-

kins (1954) studied the action of α-amylases from B.
subtilis, malt and saliva on amylose by analysing the
products generated during amylolysis. They concluded
that the hydrolysis of amylose was random with the
exception of some linkages, mostly in the vicinity of
the chain ends. At the later stages of hydrolysis, the
number of chain ends becomes higher and the non-
susceptibility of some bonds becomes the controlling
factor (i.e. preferred attack action). For the malt and
bacterial α-amylase the second to the fifth linkage from
the non-reducing end and the first or first two bonds at
the reducing end of an amylose molecule are attacked
with great difficulty. For the salivary amylase, hydroly-
sis of the end-linkages and the second and third linkage
from the non-reducing end are exceptions to the ran-
dom attack action (Bird & Hopkins 1954).
Thoma (1976) aimed to elucidate the action pat-

tern of α-amylases based on mathematical models. Ex-
perimental data obtained by studying the effects of pH,
inhibitors and substrate chain length on the action pat-
tern of amylases, were used to evaluate the mathemat-
ical models of random, preferred attack and multiple
attack action. For PPA, experimental data were con-
sistent with the model for multiple attack action. How-
ever, some of the experimental data were also consistent
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with a preferred attack action. In contrast, B. amylo-
liquefaciens α-amylase (BAA) hydrolyses oligosaccha-
rides exclusively by preferred attack, as it tends to
cleave the three bonds nearest to the reducing end.
However, for longer chain lengths, BAA predominantly
showed a random attack action in the interior of the
molecules. Thoma (1976) pointed out that experiments
designed to determine the action pattern of an amy-
lase must take into account the effect of the size of the
substrate. A single enzyme may work by a combina-
tion of mechanisms and the mechanism that dominates
will depend on the substrate chain length. Indeed, when
PPA acts on a very long substrate, it has a random or
multiple attack action. However, when chain ends be-
come numerous, the preferred attack action becomes
important. At the end of hydrolysis, when the oligosac-
charides are dominant, the preferred attack action will
even be the only action pattern possible (Thoma 1976).
Likewise, Allen & Thoma (1978) found for TAKA a
gradual increase of multiple attack action with increas-
ing substrate length.
Like Thoma (1976), Banks & Greenwood (1977)

developed mathematical models for multiple attack and
preferred attack action patterns. Both models were ap-
plied to the experimental results obtained by Robyt &
French (1967) and Banks et al. (1970) in order to deter-
mine whether the multiple attack action is important
in the action pattern of amylases. The multiple attack
action could only be confirmed for PPA, while the other
α-amylases were mainly random acting enzymes.
The above clearly shows that the preferred attack

action of amylases is a valuable concept to explain the
non-random distribution of oligosaccharides in the amy-
lase digest of starch polymers. However, we believe this
action pattern should be considered in a different way
than the single or multiple attack actions. In our view,
the preferred attack action is one way to describe amy-
lase substrate specificity and oligosaccharide cleavage
patterns, as determined by active site architecture. In-
deed, the number of subsites and the position of the cat-
alytic residues in the active site, which depend on the
enzyme (MacGregor 1993), determine productive sub-
strate binding and the resulting malto-oligosaccharides
product distribution. In the ideal arrangement, all sub-
strate binding subsites in the active site should be filled
by a glucose residue. However, particularly in the case
of short oligosaccharides and near chain ends, not all
possible interactions between substrate and active site
(particularly the substrate binding subsites) result in
the ideal arrangement and/or productive binding. This
is in line with the findings that the preferred attack
action is usually linked to oligosaccharide degradation
or the later stages of polysaccharide hydrolysis, when
chain end effects become more pronounced. In contrast,
during the early stages of hydrolysis, when the sub-
strate is of sufficiently high DP, hydrolysis is more or
less random (Thoma 1976; Banks & Greenwood 1977)
and amylase action pattern should be discussed in terms
of single or multiple attack action. Since amylopectin is
made up by interlinked linear short chains, it is conceiv-

able that chain end effects will be important in amy-
lopectin hydrolysis as well.
In short, from this literature overview, it can

clearly be seen that the multiple attack action is gen-
erally an accepted concept to explain the differences
in action pattern of amylases (Svensson et al. 2002;
Kramhøft et al. 2005). However, most of the endo-α-
amylases have a low to very low level of multiple attack
action. The pancreatic α-amylase remains one of the
few enzymes known with a considerable level of multi-
ple attack action.

Influence of pH and temperature on the action pattern

Few reports deal with the influence of pH and temper-
ature on the action pattern of amylases.
Bailey & Whelan (1957) showed that with increas-

ing pH, the action pattern of a β-amylase becomes
more random. Likewise, Robyt & French (1967, 1970)
reported that upon increasing the pH from the opti-
mum pH 6.9 to 10.5 the action pattern of PPA changes
from a multiple attack to a single attack action. How-
ever, decreasing the pH to 4.5 conserved its multiple
attack action (Robyt & French 1967, 1970). According
to Robyt & French (1967), one or more of the catalytic
groups can probably not function more than once dur-
ing the lifetime of an enzyme-substrate complex due to
an unfavourable ionisation state at high pH.
Ishikawa et al. (1991) studied the hydrolysis of 14C

labelled malto-oligosaccharides by PPA and found a mi-
nor effect of pH on the formation of maltotriose and
maltotetraose and no effect of pH on the formation of
higher oligosaccharides (of DP 5 and higher). Marchal
et al. (1999) investigated the oligosaccharide composi-
tion obtained after hydrolysis of potato starch by B.
licheniformis α-amylase (BLA), but noted no effect of
pH. However, the pH values in the latter study only
varied between pH 5.1 and 7.6 and this range may be
too small to greatly affect amylase action pattern.
Bailey & Whelan (1957) also found that, at opti-

mum pH, the level of single attack action of β-amylase
decreased with increasing temperature between 0 and
20◦C, was more or less constant between 20 and 60◦C
and increased when temperature was raised between
60 and 75◦C. Mazur & Nakatani (1993) found that the
product distribution during amylolysis by PPA depends
on the temperature and that the level of multiple at-
tack action increases with increasing temperature. For
BLA, Kramhøft & Svensson (1998) did not notice any
effect on DMA when the temperature was raised from
37 to 80◦C. Bijttebier et al. (2007a) showed that the
level of multiple attack (based on calculated RV80 val-
ues derived from plots of blue value data against total
reducing sugars) of several endo-α-amylases increased
with temperature to a degree depending on the amylase
(Table 1). In contrast, these authors found for BStA
that its level of multiple attack action decreased when
temperature was raised. This indicates that this mal-
togenic enzyme has a more pronounced endo-action at
higher temperatures (Table 1). Furthermore, Marchal
et al. (1999) reported that, for the same level of bonds
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Table 1. Level of multiple attack action of amylases, represented by degree of multiple attack (DMA) and RV80 values.a

DMA RV80
Enzyme

35◦C 35◦C 50◦C 70◦C

TAKA 2.5 ± 0.2 a 0.14 ± 0.02 a 0.25 ± 0.04 c n.d.
BAA 3.9 ± 0.4 b 0.20 ± 0.02 b 0.17 ± 0.01 b 0.23 ± 0.05 bc
PPA 8.0 ± 0.7 c 0.51 ± 0.06 d 0.46 ± 0.02 d n.d.
BStA 12.1 ± 2.1 d 1.18 ± 0.03 e 0.94 ± 0.03 f 0.73 ± 0.02 g

a The data are from Bijttebier et al. (2007a). RV80 (i.e. the reducing value for a KI-I2-value of 80%) is a parameter calculated from
the Boltzmann sigmoidal regression equation, which was fitted on the plot of the amylose KI-I2 binding value data against the total
reducing value during amylolysis, as described by Bijttebier et al. (2007a). Reaction conditions: pH 6.0, 0.1% potato amylose as a
substrate. Different letters indicate significantly different DMA or RV80 values as determined by a t-test with P < 0.05. Values are
means with corresponding standard deviations of at least three individual experiments. TAKA, Aspergillus oryzae α-amylase; BAA,
Bacillus amyloliquefaciens α-amylase; PPA, porcine pancreatic α-amylase, BStA, B. stearothermophilus maltogenic α-amylase. n.d.,
not detectable.

hydrolysed, the oligosaccharide composition, obtained
after hydrolysis of starch by BLA, BAA and an α-
amylase from B. stearothermophilus, depends on the hy-
drolysis temperature. The product specificity decreased
with temperature and a more uniform distribution of
the hydrolysis products was found.

Mechanism of multiple attack

The molecular basis of the multiple attack action mech-
anism is not well understood. Several molecular mech-
anisms were proposed to explain the multiple attack
action of amylases (Robyt & French 1970).
A first hypothesis is related to the cage effect of the

solvent. This means that the solvent does not allow the
starch polymer fragments to quickly diffuse away after
hydrolysis. Thus, the dissociation of the two fragments
from the enzyme is rapidly followed by a reassociation
of one of the two fragments to the enzyme. In this case,
it would be expected that amylases, such as PPA and
human salivary α-amylase, with similar molecular size
and acting on the same substrate and under identical
conditions, show a similar level of multiple attack. How-
ever, the action patterns of PPA and human salivary
α-amylase are completely different (Robyt & French
1967). Moreover, this mechanism cannot explain the
high DMA and observed pH dependence of the multi-
ple attack action of PPA (Robyt & French 1967; Mazur
& Nakatani 1993). Hence, differences in amylase action
patterns are probably due to intrinsic differences in en-
zyme properties.
A second hypothesis is referred to as the sliding

mechanism, in which an amylase can move along the
substrate without dissociation (Robyt & French 1970;
Mazur & Nakatani 1993). In this view, binding be-
tween substrate and enzyme should be rather weak and
non-specific and is assumed to occur through hydro-
gen bonds, van der Waals contacts and stacking inter-
actions with aromatic side chains (Mazur & Nakatani
1993; Breyer & Mathews 2001; Kramhøft et al. 2005;
Ishikawa et al. 2007). According to Mazur & Nakatani
(1993), the sliding mechanism is in line with the de-
pendence of the action pattern on temperature and
substrate chain length. With increasing chain length,
the hydrophobic binding area increases, leading to an

increased probability of sliding, which, in its turn, is
probably reflected in the observed increase of multiple
attack action. Likewise, several studies reported an in-
creased multiple attack action when temperature was
raised. In this context, the free energy barrier of sliding
is an enthalpic event and the hydrophobic stacking has
a great entropic contribution to the free energy of disso-
ciation. Therefore, increasing temperature will increase
sliding velocity, while the rate of dissociation only in-
creases to a limited extent or may even decrease (Mazur
& Nakatani 1993).
Several authors have commented on the struc-

tural requirements, particularly related to the enzyme-
substrate interaction, of the amylases for multiple at-
tack action. This has already been discussed to some
extent by Bijttebier et al. (2007a) and is here presented
more elaborately.
According to Breyer & Matthews (2001), proces-

sivity of enzymes is related to the degree of enclosure of
the substrate by the enzyme. The cleft-shaped binding
sites, found in endo-α-amylases, and the pocket-shaped
active site of exo-amylases, both allow a partial enclo-
sure of the substrates. However, not all amylases have
a high level of multiple attack action, demonstrating
that the general shape of the active site is not the only
prerequisite for multiple attack action. In this context,
Breyer & Matthews (2001) also proposed that proces-
sivity can be achieved by the enzyme having a large
interaction surface with the substrate.
A first aspect of the interaction between enzyme

and substrate can be related to the active site, and the
array of glucose binding subsites within. Kramhøft &
Svensson (1998) proposed a possible relation between
the number of subsites and DMA. They observed a high
DMA for PPA having five subsites and a low DMA
for amylases with nine to ten subsites. In this view,
and, somewhat in contrast to the suggestion by Breyer
& Matthews (2001), amylases with a shorter substrate
binding cleft (lower number of subsites) have a higher
DMA. Similar observations have been made by Bijtte-
bier et al. (2007a). Furthermore, Bozonnet et al. (2003),
Kramhøft et al. (2005) and Ishikawa et al. (2007) clearly
showed the importance of the subsites in determining
DMA. Using barley α-amylase AMY-1 mutants, Bozon-
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net et al. (2003) and Kramhøft et al. (2005) observed
that structural changes in the substrate binding cleft
altered the DMA of this enzyme. More in particular,
a single mutation at subsite −6 (i.e. the non-reducing
end of substrate binding site) leads to a looser substrate
binding at this subsite and increases DMA (Kramhøft
et al. 2005). However, other mutations can counteract
this increase, or can even drastically lower the DMA.
These authors suggested that changes in the substrate
binding cleft can result in a less efficient repositioning
of substrate without dissociation after hydrolysis (sub-
strate sliding). This is possibly due to difficulty in ac-
commodating the stable left-hand helical substrate con-
formation. Ishikawa et al. (2007) identified some amino
acid residues, which are critical for the multiple attack
action of soybean β-amylase. Their data showed that
the carboxyl residue of Asp53 stabilises the glucose
residue of the substrate at binding subsite −2, which
is necessary for the multiple attack action. Further-
more, Trp55, which is located in the vicinity of the non-
reducing end of substrate binding site, was also found
to be critical for the multiple attack action of the soy-
bean β-amylase. Indeed, mutation of this residue into
an arginine residue completely eliminated the multiple
attack action. This mutation changed the orientation
of Asp53, as observed in the crystal structure of the
mutant enzyme, thus reducing the binding affinity of
subsite −2. These data suggest that substrate binding
in the active site binding subsites is crucial for mul-
tiple attack action. The interactions should be weak
enough to allow sliding of the substrate in the active
site, but strong enough to stabilize the productive en-
zyme/substrate complex after sliding (Ishikawa et al.
2007).
A second aspect of the interaction between enzyme

and substrate is related to the presence of carbohy-
drate binding regions outside the active site. In this
respect, the fusion of AMY-1 with an SBD increases
DMA (Kramhøft et al. 2005; Juge et al. 2006). Like-
wise, the high DMA-values for the maltogenic BStA
and PPA (Bijttebier et al., 2007a) are in agreement with
the importance of such starch interaction sites in deter-
mining DMA. Indeed, putative starch interaction sites
outside the active site have been identified for BStA
(i.e. a starch binding domain E) (Dauter et al. 1999)
and PPA (i.e. two independent carbohydrate recogni-
tion sites) (Qian et al. 1995). In the latter case, they
have been suggested to be involved in the multiple at-
tack action. However, some enzymes with a low level of
multiple attack action possess (putative) starch or mal-
tose interaction sites as well. This would indicate that
their low DMA-values are primarily determined by the
large number of subsites or the architecture of their ac-
tive site (Bijttebier et al. 2007a). Based on these con-
siderations, Bijttebier et al. (2007a) concluded that the
multiple attack action of an amylase is probably related
to the size of the interaction surface between enzyme
and substrate (as positively affected by the presence of
substrate binding domains or carbohydrate recognition
sites outside the active site) and to the degree to which

the active site architecture and properties (as influenced
by the number of subsites or the specific amino acids in
those subsites) allow the reorganization (sliding) of the
substrate with its own specific helical conformation.
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