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Introduction

Amylopullulanases (E.C. 3.2.1.1/41) form a class of debranching 
enzymes belonging to the family of glycoside hydrolases (GHs) 
organized in the sequence-based classification of carbohydrate-
active enzymes.1 Among glycoside hydrolases, GH13 represents 
the major α-amylase family comprising more than 30 differ-
ent enzyme specificities and forms a clan GH-H along with 
GH-57, GH70, and GH77; these account for a small portion 
of α-amylase families.2 Both the families of enzymes utilize the 
retaining mechanism for the hydrolysis of α-glycosidic bond. The 
GH-13 family enzymes fold into a (β/α)

8
 TIM barrel with the 

strand β4-aspartate (catalytic nucleophile), β5-glutamate (pro-
ton donor), and β7-aspartate (transition-state stabilizer) and pos-
sess four to seven conserved sequences (CSs).3-5 While the GH-57 
family enzymes adopt a (β/α)

7
 TIM barrel (i.e., an incomplete 

TIM barrel) with the catalytic machinery comprising the strand 
β4-glutamate (catalytic nucleophile), and β7-aspartate (proton 
donor) and contains five CSs. All the amylopullulanases from 
mesophiles come under GH13 family, while the thermostable 
amylopullulanases belong to either GH57 or GH13 family.6

Amylopullulanase is a bifunctional, endo-acting enzyme 
capable of hydrolyzing both α-1,4 and α-1,6-glycosoidic bonds in 
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Pullulanases are endo-acting enzymes capable of hydrolyzing 
α-1,6-glycosidic linkages in starch, pullulan, amylopectin, 
and related oligosaccharides, while amylopullulanases 
are bifunctional enzymes with an active site capable of 
cleaving both α-1,4 and α-1,6 linkages in starch, amylose and 
other oligosaccharides, and α-1,6 linkages in pullulan. The 
amylopullulanases are classified in GH13 and GH57 family 
enzymes based on the architecture of catalytic domain and 
number of conserved sequences. The enzymes with two 
active sites, one for the hydrolysis of α-1,4-glycosidic bond 
and the other for α-1,6-glycosidic bond, are called α-amylase-
pullulanases, while amylopullulanases have only one active 
site for cleaving both α-1,4- and α-1,6-glycosidic bonds. The 
amylopullulanases produced by bacteria find applications in 
the starch and baking industries as a catalyst for one step starch 
liquefaction-saccharification for making various sugar syrups, 
as antistaling agent in bread and as a detergent additive.
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starch, pullulan, amylopectin, and glycogen. Amylopullulanases 
are classified into two subgroups based on the number of active 
sites within the protein.9 The thermophilic anaerobes produce 
amylopullulanases possessing a single active site,10-12 while amy-
lopullulanases from aerobic microbes contain either one13,14 or 
two active sites for hydrolyzing α-1,4 and α-1,6-glycosidic link-
ages.8,16 Due to its bifunctionality, the enzyme is also referred 
to as α-amylase-pullulanase based on the presence of two active 
sites, each being specific for one bond type.7,8

In recent years, amylopullulanases have emerged as useful 
starch processing enzymes17 for the production of maltose and 
maltotriose syrups, and thus, replacing α-amylases in the conven-
tional starch liquefaction process.18,19 Besides their application in 
the industrial starch conversion, the enzyme finds application as 
a detergent additive too.20

Microorganisms Producing Amylopullulanases

Amylopullulanase is produced by both aerobic and anaerobic 
bacteria, the latter being the highest producers.10 Among aer-
obes, certain species of Bacillus and Geobacillus are known to 
produce amylopullulanase, most of which are thermophilic. 
Bacillus sp. 3183,22 Bacillus sp. TS-23,23 Bacillus subtilis,24 
Bacillus sp. XAL 601,13 Bacillus circulans F-2,26-28 Bacillus sp. 
KSM-1378,9 Bacillus sp. DSM 405,14 Geobacillus thermoleo-
vorans NP33,30 Bacillus sp. US149,31 and Geobacillus stearother-
mophilus L1432 have been reported to produce amylopullulanases. 
Among thermoanaerobes, Clostridium thermohydrosulfuri-
cum,33-37 C. thermohydrosulfuricum Z 21–109,36 Clostridium sp. 
strain EM1 (now Thermoanaerobacterium thermosulfuro-
genes),37,38 Thermoanaerobium brockii,10 Thermoanaerobium 
Tok6-B1,40,41 Thermoanaerobacterium thermosaccharolyticum,42 
Thermoanaerobacter ethanolicus 39E,43 Thermoanaerobacter 
finni,44,45 Thermobacteroides acetoethylicus,44,45 T. ethanolicus,44,45 
Thermotoga maritime,46 and Thermococcus profundus47 are identi-
fied as producers of amylopullulanase. The GH57 family amy-
lopullulanases2 have been produced from archaea Pyrococcus 
furiosus,48 P. woesei,49 Thermococcus litoralis,50 T. celer,51 T. hydro-
thermalis,52,53 and T. siculi.19

Cloning and Expression of Amylopullulanases

As the production levels and often the specific activity of the 
starch hydrolyzing enzymes achieved with the native hosts is 
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T. saccharolyticum,11 T. ethanolicus,12,39 and expressed in E. coli. 
Among aerobes, the gene was cloned from Bacillus sp KSM-
1378,16 Bacillus sp. strain XAL601,13 Bacillus stearothermophilus 
TS-23,25 and G. thermoleovorans NP3366 and the expression was 
checked in E. coli. The amylopullulanase gene from Bacillus sp. 
KSM-1378 had also been expressed in B. subtilis.16 The amylopul-
lulanase encoding gene from lactic acid bacterium Lactobacillus 
plantarum L137 had been cloned and expressed in L. plantarum 
NCL21.35,54

Increased levels of amylopullulanase production have been 
attained with the recombinant strains as compared with the 
wild type bacterial strains (Table 2). Four-fold higher enzyme 

inadequate, the molecular cloning of the corresponding genes 
and their expression in a homologous and heterologous hosts, 
which are genetically modified, have opened up gates for improv-
ing the protein yield. Thus the higher yields would permit eco-
nomic utilization of enzymes for biotechnological applications.51

A large number of amylopullulanase encoding genes from the 
bacterial genomes have been cloned, and their expression aspects 
have been investigated (Table 1). Dating back to 1987, Coleman 
et al.10 cloned the amylopullulanase gene from a thermophilic 
anaerobe, T. brockii, into Escherchia coli and Bacillus subtilis. 
Amylopullulanase genes have also been cloned from other ther-
mophilic anaerobes including C. thermohydrosulfuricum,21  

Table 1. Cloning of amylopullulanase genes from various bacteria

Organism
Molecular 

mass 
(kDa)

Host Remarks Reference

Bacillus sp.  
KSM-1378

211
E. coli and 

Bacillus subtilis

The N-terminal and carboxyl-terminal half of the enzyme con-
stitutes the amylase and pullulanase domains, respectively and 

are separated by a 35 amino acid sequence tandem repeat. 
Asp550-Glu579-Asp645 and Asp1464-Glu1493-Asp1581 were 
reported as catalytic triads for the amylase and pullulanase 

activity, respectively. Transmission electron microscopy of the 
purified enzyme revealed a “castanetlike” or “bent dumbbell-

like” structure.

Hatada et al.16

Bacillus sp. strain XAL601 220 E. coli

The α-amylase-pullulanase has been overexpressed in E. coli 
and was found to be alkaline in nature. The enzyme has been 
found to adsorb strongly to crystalline cellulose (Avicel) and 

raw corn starch. was analyzed for its binding efficiency to vari-
ous carbohydrates and was found to have strong adsorbtion to 

crystalline cellulose (Avicel) and raw corn starch.

Lee et al.13

Bacillus stearothermophilus 
TS-23

223 E. coli
The expressed gene products obtained were found degenerate 
with the largest active polypeptide of 220 kDa and the smallest 

one of about 105 kDa.
Chen et al.25

Clostridium  
thermohydrosulfuricum DSM 

3783

165,

130,

100

E. coli

Immunoblotting has revealed more than ten α-amylase-
pullulanase specific polypeptides. The largest polypeptide was 
found to have a molecular weight of about 165 kDa, while the 
smallest enzymatically active polypeptide was about 100 kDa. 
The enzyme was found to be optimally active at 80–85 °C, 5 °C 

lower compared with that of the native strain.

Melasniemi and 
Paloheimo 21

Geobacillus thermoleovorans 
NP33

182 E. coli
The 300 amino-acid truncation from the C-terminus enhanced 
the production, specific enzyme activity, thermostability and 

starch saccharification efficiency.

Nisha and 
Satyanarayana66

Lactobacillus plantarum L137 200
L. plantarum 

NCL21

The N-terminal and C-terminal region of the enzyme was found 
to possess amino acid sequence repeats. The truncation of the 
100 amino acid repeat region of the C-terminus enhanced the 

production and specific activity of the enzyme.

Kim et al.35; Kim 
et al.54

Thermoanaerobacter  
ethanolicus 39E

162 E. coli

Asp597, Glu626, and Asp703 have been identified as the catalyt-
ic triad by hydrophobic cluster analysis and site-directed muta-
genesis studies. The enzyme was found to hydrolyze pullulan at 

an efficient rate compared with other substrates.

Mathupala  
et al.;12 

Lin and Leu39

Thermoanaerobacter  
saccharolyticum B6A-R1

140 E. coli
Highly conserved amino acid residues of the protein have 

been identified by hydrophobic cluster analysis and multiple 
sequence alignment.

Ramesh et al.11

Thermoanaerobium brockii 70–100
E. coli and 

Bacillus subtilis
Secretion of enzyme increased from 0.23 U/ml (in T. brockii) to 

0.80 to 1.0 U/ml, when B. subtilis was used as an expression host.
Coleman et al.10
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production was achieved with the recombinant L. plantarum 
NCL21 harboring the L. plantarum L137 amylopullulanase gene 
than that of the native strain.35 In the recombinant B. subtilis 
containing T. brockii amylopullulanase gene, the enzyme produc-
tion was 3.4–4.3-fold higher than that in the native host.10

Molecular Mass  
of the Recombinant Amylopullulanases

The amylopullulanases of both GH-13 and GH-57 family vary 
in gene sequence and length. The protein is usually of a high 
molecular weight among other glycosyl hydrolases. The molecu-
lar mass of the protein ranges between 80 and 250 kDa, and 
furthermore, some are glycoproteins.

Domain Architecture

The amylopullulanases are multidomain proteins. GH13 amy-
lopullulanases possess the cyclodextrin and pullulan degrad-
ing enzyme N-terminus domain, the (α/β)

8
 barrel core and 

the C-terminal region containing one α-amylase C-terminal 
all-β domain (AamyC), one or two fibronectin type III (FnIII) 
domains, and one putative carbohydrate-binding module 20 
domain (CBM20) (Fig. 1).

An α-amylase catalytic domain present in the form of a barrel 
of eight parallel β-strands surrounded by eight α-helices is com-
mon to all members of the α-amylase family. These β-strands 
are linked to the adjacent α-helices by irregular structures in the 
form of loops. These loops carry the catalytic amino acid residues 
of the active site (for details see ref. 55). A distinct N-terminal 
domain is present preceding the (α/β)

8
 catalytic domain and the 

amino acid residues of the N-terminal domain may not form part 
of the active sites unlike that reported for isoamylase.56

The AamyC is an all β-domain of α-amylase present in the 
C-terminus. The possible functions of AamyC is in disrupting 
the starch granule and separating the α-glucan chains together 
with the other substrate binding site in the α-amylase catalytic 
domain. The domain is considered to secure proper orientation 
of the active site of the enzyme on the substrate chains.57 It has 
also been suggested that the AamyC domain stabilizes the (α/β)

8
 

catalytic domain by shielding the hydrophobic residues of the 
domain from the solvent.

The fibronectin type III (FnIII) domain is a small folding unit 
of about 100 amino acid residues and possesses a seven-stranded 
β sandwich structure. The β-sandwich structure of FN3 is simi-
lar to that of immunoglobulin domains. No specific role has been 
assigned to the FnIII domain. It is possibly involved in the bind-
ing of the enzyme and the polysaccharide substrates.58-60

The carbohydrate-binding domain is composed of 40 to 200 
amino acids and is characterized by a discrete fold that possesses 
carbohydrate binding property. The CBM facilitates the interac-
tion between the insoluble substrate and the enzyme by bringing 
the substrate to the catalytic domain, and thereby improving the 
substrate hydrolysis. Currently CBMs are divided into 39 fami-
lies based on the amino acid sequence similarity. The family 20 
carbohydrate-binding module (CBM20) is also known as the 
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Amylopullulanase and other α-amylase family members have 
seven amino acid residues, while CGTases have eight residues 
separating glycine and proline residues. The seventh conserved 
sequence region is differentiated by a well conserved glycine resi-
due at the start of the region followed by a proline residue.

Active Site and Catalytic Mechanism

The bacterial amylopullulanases from both GH13 and GH57 
familis possess one or two active sites for hydrolyzing α-1,4 and 
α-1,6-glycosidic linkages. A single active site is responsible for the 
bifunctionality of the enzyme in case of T. ethanolicus 39E,12,39 
C. thermohydrosulfuricum,34 Bacillus sp. strain XAL 601,13 and 
G. thermoleovorans NP33.66 Kinetic experiments on competitive 
inhibition with mixed substrates and chemical modification with 
different inhibitors were used by Brunswick et al.14 to determine 
the number of active sites in the amylopullulanase of Bacillus sp. 
DSM 405. Both these approaches suggested the presence of a 
single active site for the dual hydrolytic activities.

Dual hydrolytic activities associated with different active sites 
have been reported in α amylase-pullulanase from Bacillus sp. 
KSM 1378.16 The partial hydrolysis of the enzyme with papain 
has revealed the presence of two functional domains for α-1,4- 
and α-1,6-hydrolytic activity.9 The amylose and pullulan-hydro-
lyzing polypeptides were visualized as a mixture of differently 
sized globular molecules joined by a thin short linker region 
under transmission electron microscope.

The role of acidic amino acids at the active site has been shown 
by Mathupala and Zeikus43 for T. ethanolicus 39E amylopullula-
nase. The two conserved aspartate residues on strands β4 and β7 
act as catalytic nucleophile and proton donor, respectively, and 
one β5-glutamate residue involved in the transition state stabi-
lizer have been found to play a catalytic role in GH13 amylopul-
lulanases. The catalytic residues were identified at the C-terminal 

starch-binding domain and is found in a large number of starch 
hydrolyzing enzymes including α-amylase, β-amylase, glucoam-
ylase, amylopullulanases, and CGTase (cyclodextrin glucano-
transferase). CBM20 adopts an antiparallel β-barrel structure 
with two starch binding sites (SBS1 and SBS2) (for a review, see 
ref. 63). The two tryptophans and a lysine forms the evolutionary 
conserved SBS1, while SBS2 possesses a tryptophan residue (for a 
review, see refs. 61 and 62). These two sites are thought to differ 
functionally with SBS1 involved in the initial starch recognition 
site and SBS2 participate in the specific recognition of appropri-
ate regions of starch.

Conserved Sequences

The short stretches of sequences are well conserved within the 
amylopullulanases of GH13 family. According to the definition 
proposed by Takata et al.,64 the members of the α-amylase family 
contain four highly conserved sequences (I to IV). The conserved 
sequences I, II, III, and IV are located on strands β-3, β-4, β-5 
and β-7, respectively.64,65 The catalytically important amino acid 
residues corresponding to two aspartic acids and one glutamate 
are present within the conserved sequences on the strands β-4, 
β-5 and β-7 (Fig. 2).

Three additional conserved sequences have been identified in 
the α-amylase family enzymes (for a review, see ref. 5). The fifth 
conserved sequence region of the amylopullulanases is character-
ized by the presence of calcium binding aspartate and are located 
on loop 3 that protrudes from the (α/β)

8
 catalytic domain and 

connects the β-3 strand and the third α-helix. The cyclomalto-
dextrinases, maltogenic amylases, and neopullulanases, are 
unable to bind to the calcium ion as Asp is substituted by Lys in 
this region. The sixth conserved sequence region present on β-2 
strand has been identified by the evolutionary conserved glycine 
and proline residues linked by seven or eight amino acid residues. 

Figure 1. Schematic representation of conserved domain structure in the amylopullulanases from T. hydrosulfuricum (gi: 114076), T. ethanolicus 39E (gi: 
728871), G. thermoleovorans NP33 (gi: JQ437895), G. kaustophilus HTA426 (gi: 56421715), and Bacillus sp. XAL601 (gi: 460687). Symbols: horizontal lines, 
N-terminus domain of cyclodextrin and pullulan-degrading enzymes; black bar, alpha amylase catalytic domain; vertical lines, amyC domain; starred, 
fibronectin type III domain; diagonal lines, CBM20 domain; dotted, S-layer homology domain.
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In Bacillus sp. KSM-1378 amylopullulanase, the putative cat-
alytic triads were identified as Asp550-Glu579-Asp645 for the 
amylase activity and Asp1464-Glu1493-Asp1581 for the pullu-
lanase activity.16 The amylopullulanases of T. ethanolicus 39E12 
and T. saccharolyticum B6A-RI11 have Asp597-Glu626-Asp703 
and Asp594-Asp700-Glu623 as catalytic triads, respectively for 
amylase and pullulanase activities.

Site directed mutagenesis of the three catalytic amino acid 
residues to amides has led to complete loss of both α-amylase 

end of the barrel β-strands by using hydrophobic cluster analy-
sis (HCA) in case of amylopullulanases from Bacillus sp KSM-
1378,16 T. ethanolicus 39E,12 and T. saccharolyticum B6A-RI.11 
HCA is a 2-D illustration of the amino acid sequences of the 
protein and is used for comparing the shapes and relative location 
of hydrophobic clusters in proteins. The shape of hydrophobic 
clusters predicts the secondary structure of the protein and the 
similarity of the clusters suggests the similarity in the polypeptide 
folding of the proteins.29,67

Figure 2. The sequence alignment of the α-amylase catalytic domain, (α/β)8 barrel of amylopullulanases of selected GH13 family members. The 
multiple sequence alignment of the amino acid sequence of protein was generated using the software, ClustalW2 of the European Bioinformatics 
Institute (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The seven conserved regions around the strands β-2, β-3, β-4, β-5, β-7, β-8, and on loop 3 are 
highlighted in boxes with different colors. Numbers on the left side of the amino acid sequence indicate amino acid positions of the sequences. The 
catalytic triad residues, 2Asp and 1Glu, are marked with a red star.
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pH optimum, while that from Bacillus sp. strain XAL601 and 
Bacillus sp. KSM-1378 was optimally active at pH 9.0–9.5 for 
both α-amylase and pullulanase activities.13,16,66

Thermostability and pH stability. A relatively less thermosta-
bility was observed for the amylopullulanase from L. plantarum 
L137, retaining 50% activity after 30 min of incubation at 45 °C 
than its C-terminal truncated variant (100 amino acids) losing 
50% activity at 41 °C.35,54 Similar observations were recorded for 
the T. ethanolicus 39E amylopullulanase (100 amino acids from 
C-terminus), with higher activation energy for the truncated 
enzyme compared with its full length form.6,39 The 300 amino 
acid deletion from the C-terminus of the amylopullulanase of  
G. thermoleovorans NP33 has also been found to enhance thermo-
stability.66 The half-lives of the full-length and truncated G. ther-
moleovorans NP33 amylopullulanase were 30 min and 75 min, 
respectively for the α-amylase activity and 20 min and 30 min 
for the pullulanase activity at 90 °C. A 20% loss in the enzyme 
activity was attained in the amylopullulanase from T. saccharolyti-
cum B6A-RA1 on incubation at 65 °C for 1 h.11 The α-amylase-
pullulanase from C. thermohydrosulfuricum DSM 3783 retained 
60% of the enzyme activity, even after 2 h at 85 °C.21

The L. plantarum L137 amylopullulanase was found stable at 
pH 2.5–6.5 and was reported to be less stable above neutral pH in 
comparison with its C-terminal truncated variant.35,54 The trun-
cated amylopullulanase of G. thermoleovorans NP33 had been 
shown to have high pH stability than the full-length variant.66

Effect of metal ions. The amylopullulanases from different 
bacterial sources have shown diverse behavior toward metal ions 
for their activity. Some enzymes require metal ions, some are 
inhibited by metal ions and some are unaffected by their pres-
ence. The α-amylase and pullulanase activities of the T. ethano-
licus 39E amylopullulanase were found to be stimulated by Ca2+, 
Mn2+, Ba2+, while Hg2+, Ni2+, Zn2+, and Fe2+ were strong enzyme 
inhibitors.39 Hg2+ and Cu2+ ions inhibited both α-amylase and 
pullulanase activities of the L. plantarum L137 amylopullula-
nase, while Co2+ ions stimulated the activity.35 Zn2+ stimulated 
the enzyme activities of G. thermoleovorans NP33 amylopullula-
nase, while the enzyme activity was almost completely lost in the 
presence of Hg2+ and Cu2+ ions. A moderate loss of the enzyme 
activity was observed by Fe2+ and Mg2+, while Co2+, Mn2+, and 
Ca2+ ions did not affect the enzyme activity.66

Effect of inhibitors. EDTA, N-bromosuccinimide and 
α-cyclodextrin strongly inhibited the amylopullulanase activity 
in T. ethanolicus 39E.39 The inhibition by EDTA suggested that 
either the enzyme is metal dependent or the EDTA is chang-
ing the conformation of the protein instead of acting as a chelat-
ing agent. Enzyme inhibition by N-bromosuccinimide suggests 
the involvement of tryptophan residues in the catalytic activ-
ity. Cyclodextrins act by forming inclusion complexes between 
aromatic amino acid residues of amylopullulanase and cyclo-
dextrin. The L. plantarum L137 amylopullulanase was strongly 
inhibited by N-bromosuccinimide, guanidine-HCl, and urea 
and moderately by α-cyclodextrin and γ-cyclodextrin; the 
enzyme activity was unaffected by EDTA and β-cyclodextrin.35 
Both α-amylase and pullulanase activities of G. thermoleovo-
rans NP33 have been significantly affected by EDTA, EGTA, 

and pullulanase activities, suggesting a single active site for the 
dual catalytic activity in T. ethanolicus 39E.12 The three residues 
are located in close proximity with each other, forming a single 
active site for the dual activities in both T. ethanolicus 39E and 
T. saccharolyticum B6A-RI, in contrast to the dual active sites for 
the α-amylase-pullulanase of alkaline amylopullulanase from 
Bacillus sp. KSM-1378.11,12,16 The GH13 amylopullulanases have 
also been found to contain two histidine residues that are critical 
for the transition state stabilization.

MacGregor et al.55 pointed out that the active site of an 
enzyme is made up of subsites, each capable of binding to a 
monosaccharide residue. The subsites are the amino acid side 
chains present in the loops of the enzyme structure that links the 
C-terminal ends of β-strands to the N-terminal ends of the adja-
cent α-helices of the catalytic domain. The catalytic activity of 
an enzyme requires the interaction of a glucose residue of the sub-
strate to −1 subsite. The different enzyme specificities vary with 
the nature of the substrate portion binding onto the subsites +1 
and +2. The three catalytic triads, 2 Asp and 1Glu as well as the 
2His residues involved in the transition state stabilization have 
been reported to occupy the subsite −1, while the amino acid resi-
dues of the conserved sequence regions III and IV on strands β-4 
and β-5, respectively, constitute subsites +1 and +2. The flexible 
nature of the subsite +1 at the active site of the amylopullulanases 
or an α-amylase-pullulanase might be responsible for the action 
of the enzyme on more than one type of linkage. It has also been 
shown that the enzymes having amino acid sequence VANE at 
the conserved region III on β-4 strand can act on both α-1,4 and 
α-1,6-glycosidic linkages. The mutation of the residues led to a 
change in the bond specificity.

Biophysical and Biochemical Characteristics

Temperature. The amylopullulanases from L. plantarum L13735 
and Bacillus sp. KSM-137816 were reported to be optimally active 
at 45–50 °C, while that of T. saccharolyticum B6A-RI11 and  
Bacillus sp. strain XAL60113 were active at an optimum tempera-
ture of 65 °C to 70 °C. The amylopullulanases from T. etha-
nolicus 39E had temperature optimum at 90 °C and 80 °C for 
α-amylase and pullulanase activities, respectively, representing 
the highest temperature range reported for any GH13 amylo-
pullulanase (Table 3). C. thermohydrosulfuricum DSM 3783 
α-amylase-pullulanase was found to have the temperature opti-
mum for α-amylase activity at 85 °C and 80 °C for the pullu-
lanase activity, in the presence of 10 mM Ca2+.39,41 The current 
industrial starch conversion process requires the highly thermo-
stable amylopullulanases for the starch liquefaction-saccharifica-
tion process as the starch bioprocessing at elevated temperatures 
would improve the starch solubility, minimize the microbial con-
tamination, and reduces its viscosity and reaction time, making 
the process economical.50

pH. Amylopullulanases act over a wide range of pH from 
acidic to alkaline. The optimum pH range for amylopullulanases 
from L. plantarum L137, T. saccharolyticum B6A-RI, and T. etha-
nolicus 39E were found to be 4.0–6.0.11,35,39 The amylopullula-
nase from G. thermoleovorans NP33 was reported to have neutral 
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T. saccharolyticum NTOU1 amylopullulanase revealed non-
essentiality of the C-terminal fibronectin typeIII (FnIII) motif.68

There is no information on the tertiary structure of the 
GH13 amylopullulanases, since crystal structures have not 
yet been resolved, and thus, further investigations are called 
for understanding the structure-function relationship of 
amylopullulanases.

Applications of Amylopullulanases

Amylopullulanases are one of the emerging enzymes for use in 
the industrial starch processing industry. Because of the enzymes’ 
debranching ability, bifunctionality as well as the calcium inde-
pendence in some will make it extremely useful for the current 
starch conversion process (Fig. 3). The enzyme can be used as 
a catalyst for one step starch liquefaction-saccharification pro-
cess, and therefore, can replace other amylolytic enzymes like 
α-amylases and β-amylases. Besides its application in the starch 
industry for the production of various sugar syrups includ-
ing maltose, maltotriose, and maltotetraose and as anti-stale 
in baking, the amylopullulanase and α-amylase-pullulanase 
find application in the detergent industry. The addition of the 
enzyme in starch liquefaction process has been found to increase 
the yield of maltose, thereby reducing the amount of branched 
oligosaccharides.

The α-amylases employed in the current starch conversion 
process are calcium dependent and does not act at a pH below 
5.9. Therefore, the process requires the addition of calcium and 
the pH adjustment to that of the starch slurry (pH 4.5). The 
reversion products such as maltose and isomaltose formed by 
glucoamylase at the expense of glucose need to be minimized. 
The amylopullulanases would, therefore, prove advantageous in 
the starch conversion process as it increases the production of 
maltose, reduces the reaction time, allows an increase in substrate 
concentration, and limits the use of glucoamylase, thereby mak-
ing the process economical.

Maltose and maltooligosaccharide syrups are employed in 
food, beverage, pharmaceutical, and chemical industries.69 
Maltose-containing syrups are used in the baking, soft drink, 
canning, confectionery, and other food industries. Maltotriose 
syrup has been reported to have low freezing point depression 
and solution viscosity, good heat stability, mild sweetness, keeps 
in moisture, prevents the starch retrogradation in foodstuffs, and 
forms less color as compared with maltose, glucose, and sucrose 
syrups. These properties are very important in food and pharma-
ceutical industries.70 High maltotriose syrup also finds applica-
tion in the food industry in making desserts and in baking and 
brewing. The maltose and maltotriose syrups are being used in 
pharmaceutical industry as a substitute for glucose in intravenous 
feeding.

Transgenic rice seeds containing a thermostable and bifunc-
tional amylopullulanase from T. etha-nolicus 39E enzyme have 
also been generated, which would facilitate the industrial produc-
tion of sweeteners and fermentation products. The granule-bound 
amylopullulanase activity has also been found to be associated 
with the reduction of amylose in developing transgenic rice 

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC), 
N-bromosuccinimide, Gdn-HCl, β-cyclodextrin, and 
γ-cyclodextrin.66 The enzyme inhibition by EDAC revealed the 
irreversible modification of carboxyl groups or the presence of 
tyrosine groups in the enzyme.89

End Product Analysis

The action of amylopullulanases of T. ethanolicus 39E, Bacillus 
sp. strain XAL601, and G. thermoleovorans NP33 on starch, 
amylose, amylopectin and glycogen liberated maltose, maltotri-
ose, and maltotetraose as the end products.39,66 The amylopullu-
lanase of L. plantarum L137 hydrolyzed amylose to maltotriose, 
maltotetraose, and maltopentaose. Maltose or glucose was not 
detected in amylose hydrolysate.35 T. saccharolyticum B6A-R1 
amylopullulanase efficiently degraded starch, amylose, amylo-
pectin, glycogen, and pullulan.11 The action of most of the bacte-
rial amylopullulanases on pullulan forms maltotriose as the only 
hydrolysis product unlike that reported for the native amylopul-
lulanase from G. stearothermophilus L14 that produced glucose 
from pullulan hydrolysis.32

Circular Dichroism and Fluorescence Spectrometry

The effect of truncation and the comparative analysis of the sec-
ondary structures of some amylopullulanases have been studied 
by using circular dichroism spectroscopy and fluorescence spec-
trometry studies. The circular dichroism spectroscopy is based 
on the proteins’ unequal absorption of right- and left-handed cir-
cularly polarized light, while fluorescence spectroscopy measures 
the intrinsic fluorescence generated from aromatic amino acids 
such as tryptophan, phenylalanine, and tyrosine.

The secondary structural analysis of the amylopullulanase 
from T. ethanolicus 39E has been made and compared with that 
of its C-terminal truncated mutant (with deletion of 100 amino 
acids from C-terminus) using flourescence emission and CD 
spectrometry.6 The enzymes have been found to exhibit simi-
lar fluorescence spectra upon denaturation with urea and rena-
turation. The comparative analysis of the secondary structures 
of full length amylopullulanase and its C-terminal truncated 
mutant using far-UV CD spectroscopy has also revealed the CD 
spectra of equal intensity. Both the enzymes exhibited identical 
secondary structure.

The fluorescence and circular dichroism spectrometric meth-
ods have also revealed highly indistinguishable structure for 
the full-length amylopullulanase from T. saccharolyticum and 
its C-terminal truncated mutant.68 An identical active confor-
mation was attained for both enzymes on fluorescence spectra. 
A similar thermal unfolding and a one-step melting curve were 
observed upon far UV-CD measurements. The truncation exper-
iments on amylopullulanase from T. ethanolicus 39E suggested 
that a large part of the C-terminal carbohydrate-binding mod-
ule family 20, a portion of the first fibronectin III motifs and 
the second fibronectin type III could be deleted without causing 
a significant change in the structure and action of the enzyme 
on soluble starch and pullulan,6 and a similar experiment on  
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The enzyme has also been used in the production of slowly 
digestible starch.77,78 Slowly digestible starch has an impact on 
human health, as it is associated with a low glycemic index for 
the treatment and prevention of various diseases, such as cardio-
vascular diseases,79 non-insulin diabetes,80 obesity,81 and provides 
sustained and stable energy for athletes.82 Amylopullulanase has 
also been found to increase the resistant starch content.83 During 
starch hydrolysis process, the gelatinized starch may revert to a 
form that is highly resistant to α-amylase hydrolysis and is called 
resistant starch.84 The resistant starch has potential application in 
the food industry and has attracted much attention of the nutri-
tionists as it causes reduced levels of plasma glucose and insulin, 
increased fecal bulk, and short-chain fatty acid (SCFA) produc-
tion through fermentation in the large intestine.85 RS has been 
produced by a heating-cooling process and chemical modifica-
tion.85 However, the chemical modification may not be safe, and 
the heating-cooling process alone may lower the RS content due 
to the structure of starch.

The enzyme has also been used for the production of branched 
cyclodextrins.86 Branched cyclodextrins possess one or more sac-
charide chains such as glucose, maltose, and other saccharides 
linked to cyclodextrins by an α-1,6 bond.87 The branched cyclo-
dextrins are more soluble in water and organic solvents than 
cyclodextrins which have no branches and thus are likely to 
form more soluble inclusion complexes with various chemicals. 

seeds. High level of the amylose content results in dry, fluffy, and 
non-sticky rice grains.71 The reduced amylose contents would be 
advantageous for improving starch quality, starch bioprocessing, 
and production of protein-enriched flour from rice seeds, thereby 
significantly improving the nutritional value and reducing the 
production cost.72,73

The amylopullulanases have a potential role as antistaling 
agents in the baking industry. Staling refers to all the undesir-
able changes that occur upon storage of baked products, like the 
loss of crispness of the crust, increase of crumb firmness, and 
decrease in the moisture content of the crumb with loss of bread 
flavor. Staling happens as a result of the retrogradation of the 
amylopectin fraction of starch.74,75 The thermostable amylopul-
lulanases are considered to decrease the increased stickiness of 
the α-amylase treated bread associated with the production of 
branched maltodextrins, and therefore, can be used in the place 
of α-amylase as an antistaling agent.76

The use of amylopullulanase in the alcohol and brewing 
industries along with glucoamylase can increase the amount 
of fermentable sugars and may facilitate filtration steps. 
Amylopullulanases also find use in the production of low carbo-
hydrate (low calorie) “lite beer.” The enzyme can be added with 
fungal α-amylase or glucoamylase to the wort during fermenta-
tion instead of pullulanase.

Figure 3. Scanning electron micrographs of the untreated and treated raw rice starch granules with the amylopullulanase of G. thermoleovorans NP33. 
(A) Untreated raw rice starch granule. (B) Hydrolyzed granules in 30 min of reaction with the enzymes; (C) hydrolyzed portion of the granule in 1 h; (D) 
almost completely hydrolyzed starch granules in 2 h.
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The primary structures of bacterial amylopullulanases revealed 
the domain architecture distinct from that of other amylolytic 
enzymes. The tertiary structure of the enzyme needs to be stud-
ied for understanding the catalytic mechanism and possible role 
of different domains and demarcation from other amylolytic 
enzymes.
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Cyclodextrins are used in the food, cosmetic, pharmaceutical, 
and plastic industries as emulsifiers, antioxidants, and stabilizing 
agents. Ara et al.88 reported the applicability of an alkaline pul-
lulanase from alkaliphilic Bacillus sp. KSM-1876 in dishwashing 
and laundry detergents.

Conclusions

Amylopullulanases are receiving considerable attention as 
bifunctional and debranching enzymes for the industrial starch 
saccharification process. Attempts have been made in clon-
ing amylopullulanase encoding genes and overexpressing them 
for attaining high enzyme yields and to characterize the pro-
teins. The truncation experiments on many amylopullulanases 
enabled to enhance specific enzyme activity and thermostability. 
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