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Abstract 

Background:  Amylases are used in various industrial processes and a key requirement for the efficiency of these 
processes is the use of enzymes with high catalytic activity at ambient temperature. Unfortunately, most amylases iso-
lated from bacteria and filamentous fungi have optimal activity above 45 °C and low pH. For example, the most com-
monly used industrial glucoamylases, a type of amylase that degrades starch to glucose, are produced by Aspergillus 
strains displaying optimal activities at 45–60 °C. Thus, isolating new amylases with optimal activity at ambient tem-
perature is essential for improving industrial processes. In this report, a glucoamylase secreted by the cold-adapted 
yeast Tetracladium sp. was isolated and biochemically characterized.

Results:  The effects of physicochemical parameters on enzyme activity were analyzed, and pH and temperature 
were found to be key factors modulating the glucoamylase activity. The optimal conditions for enzyme activity were 
30 °C and pH 6.0, and the Km and kcat using soluble starch as substrate were 4.5 g/L and 45 min−1, respectively. Pos-
sible amylase or glucoamylase encoding genes were identified, and their transcript levels using glucose or soluble 
starch as the sole carbon source were analyzed. Transcription levels were highest in medium supplemented with 
soluble starch for the potential glucoamylase encoding gene. Comparison of the structural model of the identified 
Tetracladium sp. glucoamylase with the solved structure of the Hypocrea jecorina glucoamylase revealed unique struc-
tural features that may explain the thermal lability of the glucoamylase from Tetracladium sp.

Conclusion:  The glucoamylase secreted by Tetracladium sp. is a novel cold-adapted enzyme and its properties 
should render this enzyme suitable for use in industrial processes that require cold-active amylases, such as biofuel 
production.
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Background
A large proportion of the earth’s biosphere is constantly 
below 5  °C and these cold environments are inhabited 
by cold-adapted microorganisms among other forms 
of life. Cold-adapted yeasts have attracted the attention 
of scientists because these yeast species have evolved to 
adapt to cold climates, and thus have significant poten-
tial for applications in diverse fields of industry [1–5]. 
A very well studied feature of cold-adapted yeasts is 
the presence of hydrolytic enzymes, which are secreted 
to aid the uptake of nutrients available in their sur-
rounding environment. These cold-active enzymes have 

many applications in processes requiring high activ-
ity at low or mild temperatures [6–8]. Examples are the 
cold-active amylases, lipases, proteases, cellulases, pec-
tinases and esterases, which are applied in food, wine, 
textile and detergent industries [4, 9]. Amylases hydro-
lyze α-glucosidic bonds in starch and according to their 
catalytic mechanism they are classified into three main 
groups: (i) α-amylase, which disrupts α-1,4-glycosidic 
linkages; (ii) β-amylase, which catalyzes the hydrolysis of 
the second α-1,4 glycosidic bonds from the non-reducing 
end of starch; and (iii) glucoamylase (an α-glucosidase), 
which acts on both, α-1,4 and α-1,6 glycosidic bonds 
from the non-reducing end of the starch molecule [10–
13]. Amylases are used in several industrial processes, 
including the production of high-fructose corn syrup, as 
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additives in detergent formulations, in wool treatment 
and to obtain fermentable sugars from starch-rich wastes 
that are used as a substrate for biofuels production [13, 
14]. The efficient microbial production of biofuels from 
raw starch wastes requires the complete degradation of 
starch, which is currently accomplished by the addition 
of α-amylase and glucoamylase during the fermentative 
process to release glucose as the primary end product 
[15, 16]. The majority of glucoamylases present in bacte-
ria and fungi have optimal activity above 45 °C and at low 
pH [16–18]. The glucoamylases used in industrial pro-
cesses, mainly derived from Aspergillus strains, display 
the highest activity at temperatures between 45 and 60 °C 
[16]. Currently, there is strong interest in finding amyl-
ases with better performance at lower temperatures than 
commercially available amylases, because these enzymes 
would circumvent the requirement of heating during the 
reaction process thereby minimizing costs [19]. Several 
fungi isolated from soil samples from King George Island 
in the sub-Antarctic region grew on soluble starch as the 
sole carbon source and displayed extracellular amylase 
activity. The highest amylase activity was found in sam-
ples obtained from the yeast Tetracladium sp., and in 
preliminary characterizations the molecular weight of 
the enzyme was found to be ~80 kDa [20, 21].

In this report, an amylase from the cold-adapted yeast 
Tetracladium sp. was purified and biochemically char-
acterized. In addition, the amylase encoding gene was 
identified and its expression was analyzed through RNA-
seq when using soluble starch or glucose as the sole car-
bon source. A model of the enzyme was constructed, 
revealing several features that are characteristic in cold-
adapted enzymes. The optimal conditions for enzyme 
activity, thermal stability and kinetic parameters were 
determined. The obtained results suggest that the char-
acterized glucoamylase secreted by Tetracladium sp. is 
a novel cold-adapted enzyme that may be useful in pro-
cesses where cold-active amylases are required, such as 
biofuel production.

Results
Enzyme purification and characterization
Tetracladium sp. extracellular protein samples were 
obtained by precipitation with ammonium sulfate at 80% 
saturation of cell-free supernatants of cultures grown 
using starch as the sole carbon source. Protein separa-
tion was attempted using ion-exchange or gel filtration 
chromatography, obtaining a suitable protein separation 
only with the last method (Additional file 1). The amyl-
ase activity and the protein profile of each fraction were 
determined. Two main peaks centered at fractions 42 
(peak 1) and 72 (peak 2) were observed, but amylase 
activity was only detected in peak 1 (Additional file 1A). 

A single protein band of 84  kDa was observed by SDS-
PAGE analysis in fractions displaying amylase activity 
(Additional file  1A). This protein is glycosylated (Addi-
tional file  1B, C) and has a relative molecular weight 
(rMW) of 80  kDa under non-reducing conditions, as 
determined by gel filtration chromatography.

Characterization of enzymatic activity
To evaluate the specificity of the amylase secreted by 
Tetracladium sp., enzymatic activity assays were per-
formed using either ethylidene-pNP-G7 (E-pNP-G7) or 
4-nitrophenyl α-d-glucopyranoside (4-NPGP), which are 
α-amylase and α-glucosidase substrates, respectively. As 
shown in Fig. 1a, the enzyme was able to use 4-NPGP as 
a substrate, but not E-pNP-G7, indicating that the Tetra-
cladium sp. enzyme is an α-glucosidase. A characteris-
tic of α-glucosidases is the release of glucose as the end 
product of starch hydrolysis. To test the possible release 
of glucose, assays were performed using 5  g/L solu-
ble starch as the substrate and glucose production was 
quantified during the reaction using the DNS method. 
As shown in Fig. 1b, the amylase from Tetracladium sp. 
releases glucose from soluble starch, showing that this 
amylase is an α-glucosidase. Two slopes could be distin-
guished along the reaction curve; the enzyme had a rapid 
reaction rate until 10 min reaching 2.5 g/L of glucose and 
then a slower reaction rate after 10 min (Fig. 1b).

A two-level Plackett–Burman design was applied to 
determine the influence of temperature, pH, Ca2+, Mg2+ 
and soluble starch concentration on enzyme activity. The 
reaction was followed by measuring the release of glucose 
in each trial (eight in total) and the reaction velocities 
were calculated from the slopes of each curve. The effect 
of each variable was calculated, and it was found that 
temperature and pH were the two principal factors that 
influenced strongly the α-glucosidase activity, whereas 
the ranges tested of soluble starch concentration, and 
Ca2+ and Mg2+ levels, affected the enzyme activity to a 
lesser extent (Additional file 2).

The optimal pH and temperature for α-glucosidase 
activity on soluble starch were determined using a cen-
tral composite design of two levels, and it was found that 
the highest α-glucosidase activity was reached at pH 6.0 
and 30 °C (Fig. 2). The enzyme activity and stability were 
evaluated at temperatures from 4 to 60  °C using soluble 
starch as the substrate. The highest activity was observed 
between 30 and 45 °C. At lower and higher temperatures, 
the enzyme activity decreased significantly, with a more 
pronounced activity decrease at temperatures above 
45  °C (Fig. 3a). At 22 and 4  °C, the enzyme retained 55 
and 25% of its maximal activity, respectively.

The thermal stability of the enzyme was evaluated 
by incubating the protein sample for 1  h at different 
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temperatures, and subsequently the enzyme activity was 
assayed under optimal conditions. This test revealed that 
the enzyme was stable at temperatures from 4 to 37  °C 
(Fig. 3a). However, the stability decreased at temperatures 
above 40  °C, maintaining only 10% of its optimal activ-
ity after incubation for 1 h at 50 °C. Figure 3b shows the 
enzymatic activity after 2–8 h of incubation at different 
temperatures. The enzyme maintained its activity after 
incubation at 22 and 30 °C even after 6–8 h of incubation. 
When incubated at 40 °C, the enzyme activity displayed a 
linear decrease as a function of incubation period with 70 
and 40% of its optimal activity after 2 and 8 h incubation, 

respectively. The activity loss was very pronounced when 
the protein sample was incubated at 50  °C for different 
periods, maintaining only 10% of the maximal activity 
after only 2 h of incubation at this temperature. Steady-
state experiments were used to determine the kinetics of 
Tetracladium sp. α-glucosidase using soluble starch as 
substrate. Reaction velocities at different soluble starch 
concentrations and the double-reciprocal plot are shown 
in Fig. 4. The enzyme displayed Michaelis–Menten kinet-
ics, and the calculated Km, kcat and kcat/Km values were 
4.5 g/L, 45 min−1 and 10 g/L min, respectively.

Identification and characterization of the α‑glucosidase 
encoding gene
The available genomic and transcriptomic data of Tetra-
cladium sp. taken from our research efforts were used 
for the identification and characterization of the gene 
encoding the α-glucosidase. Bioinformatic tools and the 
NCBI databases were used to predict and annotate the 
genes and Open Reading Frames (ORFs) of Tetracladium 
sp. Two putative encoding α-amylase genes and one glu-
coamylase encoding gene were identified. The expres-
sion patterns of these putative genes were evaluated by 
analysis of the transcriptomes obtained from Tetracla-
dium sp. when grown in medium supplemented either 
with glucose or soluble starch as the sole carbon source. 
The Fragments Per Kilobase Of Exon Per Million Frag-
ments Mapped (FPKM) values were calculated for the 
three putative genes and are presented in Table 1. Higher 

Fig. 1  Tetracladium sp. amylase substrate specificity. a Amylase 
assays were performed at 30 °C using ethylidene-pNP-G7 (open 
symbols) or 4-nitrophenyl α-d-glucopyranoside (filled symbols) as 
substrates. The release of p-nitrophenol was measured by absorb-
ance at 405 nm, which was quantified using a calibration curve 
previously constructed with pure p-nitrophenol solutions. Results 
for the Tetracladium sp. amylase are shown as squares, commercial 
α-amylase by open circles, commercial alpha-glucosidase by filled cir-
cles and the negative control (no enzyme) by triangles. b Assays with 
the Tetracladium sp. amylase were performed using 10 g/L of soluble 
starch as substrate at pH 6.0 and the release of glucose was followed 
by the DNS method

Fig. 2  Effect of pH and temperature on the Tetracladium sp. glu-
coamylase activity. Enzymatic reactions were conducted by varying 
the pH and temperature from the central composite designs. The 
response surface plot was made following the reaction by the DNS 
method to determine the glucose released from starch. The glucose 
concentration (g/L) is represented by the color scale
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expression levels were found for the putative glucoam-
ylase encoding gene (1.g909.t1), with expression levels 
similar when either carbon source was used. The two 
putative α-amylase genes showed expression levels that 
were approximately tenfold lower than the putative glu-
coamylase gene. The translated sequences of these three 
putative genes were compared with peptide mass finger-
print results obtained previously [20]. None of the pep-
tides mapped to putative α-amylase genes, whereas 20 
peptides matched the translated sequence of the 1.g909.

Fig. 3  Effect of temperature on the activity and stability of the Tetracladium sp. glucoamylase activity. a Enzyme activity was assayed following 
incubation for 1 h at each temperature (squares). For thermal stability experiments (circles), samples were incubated at the indicated temperatures 
for 1 h and the remaining activity was determined at 30 °C and pH 6.0. b Samples were incubated at 22 (squares), 30 (circles), 40 (up triangles) and 
50 °C (inverted triangles). The remaining enzyme activity was determined as in a

Fig. 4  Steady-state kinetic experiments. a Enzymatic reactions were carried out by incubating 0.04 µg of the purified Tetracladium sp. glucoamylase 
with different soluble starch concentrations. The reaction rates (slopes) of the enzyme reactions were determined at different times and the slope 
values were plotted against the soluble starch concentration. b Double-reciprocal plot indicating the linear relationship between the reciprocal of 
the velocity and the reciprocal of the soluble starch concentration

Table 1  Expression of putative amylase genes of Tetracla-
dium sp. in  medium supplemented with  soluble starch or 
glucose

a  Fragments Per Kilobase Of Exon Per Million Fragments Mapped

Putative gene Amylase type FPMKa

Glucose Soluble starch

1.g909.t1 Glucoamylase 1545 1722

0.g2254.t1 Alpha amylase 122 184

2.g884.t1 Alpha amylase 76 7
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t1 gene (eight with 100% identity). Twelve of the 20 pep-
tides gave BLAST hits to a fungal glucoamylase precur-
sor deposited in the NCBI protein database. The 1.g909.
t1 gene (2.1  kb, sequence in Additional file  3) includes 
four exons (Fig.  5) with a 1965 nt ORF, which encodes 
for a protein that is 655 amino acids in length (hence-
forth called AmyT1). The promoter region was predicted 
(Fig. 5), which yields a large 5′ UTR region.

Phylogenetic analysis based on the encoding nucleo-
tide sequence revealed that the Tetracladium sp. AmyT1 
groups with sequences deposited as hypothetical Cod-
ing Sequences (CDS) from Sclerotinia sclerotiorum and 
Botritys cinerea, and glycosyl hydrolase CDS from Phi-
alocephala and Trichoderma species. When the analysis 

was performed using the deduced protein sequence of 
AmyT1, the amylase grouped with glucoamylases and 
hypothetical proteins from Verticilium and Pestalotiop-
sis species (Additional file  4). Alignment of the amino 
acid sequence of AmyT1 and glucoamylases from other 
fungi showed the presence of conserved residues that are 
implicated in catalysis (Y47, W51, W120, E179, R309, 
Y315 and E404) and starch binding (W525, T527, K560, 
V570, W572 and N577) (Fig.  6). Protein domain analy-
sis predicted that AmyT1 has a 35 amino acid N-termi-
nal export signal, an N-terminal catalytic domain of 407 
amino acids, a C-terminal starch binding domain of 108 
amino acids and a serine/threonine linker of 47 amino 
acids between the two domains (Fig. 6b).

Fig. 5  Tetracladium sp. glucoamylase gene structure. The mature mRNA has an ORF of 1965 nt that encodes a protein 655 amino acids in length. 
The identified promoter (200 bp) is shown, which has a TATA-box located at the −40 position from the start site of transcription. The mRNA has a 5′ 
UTR and a 3′ UTR region of 1928 and 196 bp, respectively. The predicted transcription factors binding sites (SWI6, SAP1 and GCN4) are indicated

Fig. 6  Fungal glucoamylases alignment. a Amino acid sequence alignment was performed using fungal glucoamylases deposited in the NCBI 
database and access numbers are indicated in parenthesis. Amino acids involved in substrate binding in the active site, catalysis and in starch 
binding in the CBM20 domain are indicated by black arrows, asterisks and the −symbol, respectively. b Schematic representation of the predicted 
glucoamylase structure. The export peptide, GH15 domain, CBM20 and linker sequence, are shown
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Discussion
According to the biochemical and molecular data pre-
sented herein, the glucoamylase Amy1T produced by 
Tetracladium sp. is a novel cold-adapted amylase. The 
predicted molecular weight based on the ORF is 66 kDa, 
which is lower than the determined rMW value of 
80  kDa observed through SDS-PAGE. This difference is 
probably due to post-translational glycosylation, which 
is in accord with previous studies showing that microbial 
amylases undergo this post-translational modification 
[22–26]. The optimal pH for activity of the glucoamyl-
ase from Tetracladium sp. was 6.0, which is similar to the 
optimum pH value of other microbial glucoamylases [16]. 
However, its optimal temperature for activity was 30 °C, 
which is lower than other glucoamylases (i.e., between 
40 and 70 °C). Furthermore, the Km of the Tetracladium 
sp. glucoamylase towards soluble starch was 4.5  g/L, 
whereas reported Km values for microbial glucoamylases 
are <1.0 g/L [16]. Generally, cold-adapted or cold-active 
enzymes have higher Km values than their mesophilic or 
thermophilic counterparts, which is in accordance with 
our results.

At the structural level, cold-adapted enzymes are usu-
ally more flexible than their thermostable counterparts 
[27]. The structures of glucoamylases of other fungi such 
as Aspergillus awamorii and Hypocrea jecorina (now 
Trichoderma reesei) have been reported [28, 29]. The 
structure of an enzyme produced by H. jecorina, HjGa, 
was the first crystal structure to include both the cata-
lytic and starch binding domains. This protein shares 
69% identity with Amy1T from Tetracladium sp., having 
a 90% coverage. Amy1T was modeled using the crystal-
lographic structure of the glucoamylase from H. jecorina 
(2VN7.1.A) as the template. The superimposition of both 
structures (Fig.  7a) shows high similarity for both the 
starch binding domain (SBD) and the catalytic domain 
(CD). However, differences between the structures were 
observed mainly for the variable loop of HjGa, which 
undergoes a large conformational change in the presence 
of the substrate [29], which is not observed in the Amy1T 
model. The linker region in the AmyT1 model is 10 resi-
dues longer than HjGa and has a lower proline (14.9 vs. 
24.3%) and tyrosine (2.1 vs. 5.4%) content. Proline resi-
dues have a rigid side chain that confers low flexibility to 
proteins, whereas tyrosine residues have an aromatic ring 
that can stabilize protein structures through hydropho-
bic interactions. These amino acid content differences 
may explain the more flexible linker of Amy1T when 
compared with that of HjGa. Generally, cold-adapted 
enzymes have larger active sites than their mesophilic 
counterparts [30]; however, no significant differences in 
the distances between the side chains of the amino acids 

involved in catalysis between the Amy1T model (Fig. 7b) 
and HjGa (Fig. 7c) were observed.

As mentioned above, the optimal temperature for activ-
ity of glucoamylase Amy1T was 30  °C. Therefore, this 
enzyme would be considered as a cold-adapted enzyme, 
but not as a cold-active enzyme. This is supported by 
the observed thermal stability of the enzyme, which was 
highly stable at temperatures between 4 and 37  °C, but 
activity was rapidly lost at temperatures over 40 °C. The 
stability and optimal temperature of activity of HjGa are 
between 45 and 65  °C. Numerous interactions between 
the SBD and CD are important for enzyme activity and 
stability of HjGa [29], including electrostatic and hydro-
gen bonding (T589/R27, H560, E652, A80, E157, H600 
and D93) and hydrophobic interactions (F76, V594, I604 
and V650). The same amino acid types are not present in 
Amy1T, which may explain the lower thermal stability of 
Amy1T when compared with that of HjGa.

The activities of fungal glucoamylases are generally 
affected by calcium [25, 31], with only a few enzymes 
showing no dependency on this cation for activity [32]. 
The activity of the glucoamylase from Tetracladium sp. 
showed no calcium dependency. From an industrial 
application perspective, this is a desirable character-
istic because the addition of calcium salts to any pro-
cess would increase costs and/or give rise to possible 
secondary effects. In saccharification processes, the 
pH must be adjusted from 6–6.5 to 4–4.5 prior to the 
addition of glucoamylase, because most glucoamylases 
currently used have low activity at pH 6.0–6.5 [33]. 
Therefore, the amylase from Tetracladium sp., that has 
optimal activity at pH 6.0, represents a good alternative 
enzyme for these processes. Furthermore, the thermal 
properties of Amy1T should facilitate process opera-
tions at lower temperatures. This feature should save 
energy and facilitates a simpler enzyme inactivation 
step by mild heating, and such mild heat denaturation 
also avoids interfering with downstream steps of the 
industrial process.

Conclusions
The glucoamylase secreted by Tetracladium sp. is a novel 
cold-adapted enzyme with optimal activity at pH 6.0 and 
30  °C, and has no dependency on Ca2+ for its hydro-
lytic activity. Protein modeling analysis predicted that 
Amy1T is more flexible than thermostable counterparts, 
which could explain, at least in part, its higher activity at 
lower temperatures. The properties of the glucoamylase 
described in this work should render this enzyme suita-
ble for use in industrial processes that require high starch 
degrading activity at mild temperatures, such as biofuel 
production.
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Methods
Strains and growth conditions
Tetracladium sp. was grown in YM medium (yeast 
extract 0.3%, malt extract 0.3%, peptone 0.5%, pH 7) sup-
plemented with 1% glucose (YM-G) or soluble starch 1% 
(YM-S). For cultures of 300–500  mL, a decimal volume 
inoculum at OD600 =  12 was used, incubated at 22  °C 
with 150  rpm orbital agitation. Semisolid media were 
prepared by the addition of agar at 1.5%, before autoclav-
ing at 121 °C for 20 min. Tetracladium sp. is conserved at 
the Genetic Laboratory Yeast Collection, Faculty of Sci-
ences, Universidad de Chile.

Extraction and fractioning of extracellular proteins
300 mL cultures of Tetracladium sp. at the late exponen-
tial phase of growth (OD600 =  12) were centrifuged at 
7000g for 10 min at 4  °C, and the supernatants were fil-
tered through a sterile 0.45-μm pore size polyvinylidene 
fluoride membrane (Millipore, Billerica, MA, USA). 
Ammonium sulfate was added to the cell-free superna-
tants to a final concentration of 80% saturation, incu-
bated on ice for 2 h, and centrifuged at 10,000g for 15 min 
at 4  °C. The pellet was suspended in 2 mL of potassium 
phosphate buffer (20  mM, pH 7.0 and 150  mM NaCl). 
For fractioning, ammonium sulfate was added to the 

Fig. 7  Structural comparison between glucoamylases from H. jecorina (HjGa) and Tetracladium sp. (AmyT1). a Superimposition of the predicted 
glucoamylase model of AmyT1 (green) and the structure of the glucoamylase from HjGa (blue). The linker region (red arrow) and variable loop (yellow 
arrow) are indicated. Residues involved in substrate recognition and in the catalytic site are shown in magenta and cyan, respectively, for AmyT1 (b) 
and HjGa (c). The calculated distances in Amy1T between residues Y47 and R309, W51 and Y315, W120 and Y315, and E190 and Y315 are 8.5, 9.6, 8.7 
and 10.2 Å, respectively. For HjGa, the calculated distances between the equivalent residues Y47 and R309, W51 and Y315, W120 and Y315, and E190 
and Y315 were 8.5, 8.6, 8.3 and 10.1 Å, respectively
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supernatants at concentrations from 20 to 80% and pro-
teins were obtained in each fractioning step, as described 
above. The samples were desalted using a HiTrap desalt-
ing column (GE, Schenectady, New York, USA). The pro-
tein content of samples was quantified using a BCA assay 
kit (Thermo Scientific, IL, USA), according to manufac-
turer’s instructions.

Amylase purification and glycosylation determination
The total proteins obtained by precipitation with 80% 
ammonium sulfate were dialyzed through a HiTrap 
desalting column against a 20  mM sodium phosphate 
buffer (pH 7.0, 150 mM NaCl). Aliquots of 500 µL protein 
samples were loaded onto a Superdex 75 10/300 GL col-
umn, equilibrated with 20 mM sodium phosphate buffer 
and a flow rate of 0.2 mL/min attached to an Akta Prime 
purification system (General Electrics, New York, USA). 
Fractions of 0.2  mL were collected and analyzed for 
amylase activity (see below) and protein content by SDS-
PAGE. Fractions with amylase activity were pooled and 
concentrated at 1000g and 4 °C using Amicon filters with 
a 3 kDa molecular weight cut-off.

The rMW of the amylase was determined by compari-
son against the protein marker bands (PageRuler Plus 
Prestained Protein Ladder, Thermo Scientific, IL, USA). 
The calibration curve for the determination of the amyl-
ase molecular mass was prepared using a commercial 
protein standard kit (Gel filtration standard, Bio-Rad, 
CA, USA).

Glycosylation of the purified enzyme was analyzed by 
SDS-PAGE stained with the Pierce Glycoprotein Staining 
Kit (Thermo Scientific, IL, USA).

Amylase activity determination
The amylase activity in protein extracts was measured 
as the liberation of reducing sugars from soluble starch 
by the dinitrosalicylic acid (DNS) method [34]. Briefly, a 
mixture of 50 µL soluble starch solution at 10 g/L (Sigma-
Aldrich Corporation, St Louis, USA) and 50  µL of the 
protein sample were incubated for 1  h. Then, 100  µLof 
the DNS (1.6% NaOH, 30% sodium potassium tartrate 
and 1% 3,5-dinitrosalicylic acid) solution was added, the 
mixture was incubated for a further 10  min at 100  °C 
and then for 5  min on ice. The absorbance of the ali-
quots at 540  nm was measured in 96 well microplates 
using an Epoch 2 microplate reader (Biotek Instruments 
Inc., Winooski, VT, USA). The values were normalized 
by the amount of protein present in each sample. Glu-
cose release from starch was determined using a glucose 
determination kit (Megazyme, IL, USA).

The specificity of the purified amylase was deter-
mined using the chromogenic substrates ethylidene-
pNP-G7 (Abnova, Taipei, Taiwan) and 4-Nitrophenyl 

α-d-glucopyranoside (Sigma-Aldrich Corporation, St 
Louis, USA) following the supplier instructions. The 
α-amylase from Abnova and the α-glucosidase from 
Megazyme were used as positive controls for each spe-
cific substrate (glucose/fructose assay kit). The reactions 
were incubated at 30 °C for different times (0, 5, 10 and 
15 min), and at each point the absorbance at 405 nm was 
measured.

The effect of different factors on the activity of the 
enzyme was evaluated in a Plackett–Burman design 
experiment. The parameters assayed were temperature 
(30, 50  °C), pH (5, 7), concentration of soluble starch 
(1, 10  g/L), calcium chloride (0, 10  mM) and magne-
sium chloride (0, 10 mM). Eight different reactions were 
carried out at different incubation times (between 0 
and120 min) and 50 µL samples were taken and assayed 
by the DNS method, as described above.

To determine the optimum pH and temperature of the 
reaction catalyzed by the amylase. The reactions were 
conducted at different temperatures (25, 30, 32.5, 35, 
37.5, 40, 42.5 and 45 °C) and pH values (5, 6, 6.5, 7, 7.5, 8, 
8.5 and 9). The soluble starch concentration and the incu-
bation time were 10 g/L and 30 min, respectively. Then, 
100 µL of the reaction samples were assayed by the DNS 
method. The concentration of the released reducing sug-
ars at each condition was plotted in a response surface 
plot.

To determine the kinetic parameters (Km, kcat and 
Vmax), the enzyme concentration was varied such that it 
gave different reactions rates at different substrate con-
centrations. The reactions were performed using various 
soluble starch concentrations (4 to 10 g/L) and different 
enzyme concentrations (0.8–24.5 µg/mL). In the kinetic 
assays, the reactions were carried out at the determined 
optimum pH and temperature (6 and 30 °C) and 0.04 µg 
glucoamylase. Fifty microliter samples were taken at 
different time points (0, 30, 60, 90, 120, 150, 180 and 
220 min) and assayed by the DNS method. The DNS val-
ues obtained in each condition were plotted against the 
reaction time for each substrate concentration. The slope 
of the linear phase of the reaction was determined to give 
the reaction rate. Subsequently, the kinetic parameters 
were determined using a double-reciprocal plot.

The activity of the glucoamylase at different tempera-
tures was evaluated by incubating 50  µL glucoamylase 
solutions (6.1 µg/mL) at temperatures from 4 to 60 °C at 
pH 6 for 1 h. The amylase activity was then determined 
by the DNS method. The thermal stability of the enzyme 
was evaluated by incubating enzyme samples at tempera-
tures from 4 to 60 °C for 1 h, prior to the determination 
of enzyme activity at the optimal conditions. Addition-
ally, kinetic stability was determined by incubating sam-
ples at 22–50 °C for 0–8 h using the same procedure.
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Alignment, modeling and bioinformatics analysis
Amino acid sequence alignments were made using the 
Geneious program v10. The glucoamylases sequences 
chosen for the amino acid sequence comparison had a 
minimum of 50% similarity and 50% coverage. The pro-
moter prediction was performed using the FindM tool 
available in the single search analysis server (http://ccg.
vital-it.ch/ssa/findm.php). The glucoamylase model was 
constructed using the Swiss-model platform [35]. The 
2VN4_A PDB entry was chosen for modeling, which is 
the crystal structure of Hypocrea jecorina glucoamylase 
(HjGa), which has 90% coverage and 69% identity with 
AmyT1. Distance calculations and models were created 
using the spdb viewer [36].
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