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Thermostability of three a-amylases of Streptomyces sp IMD
2679
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The amylolytic system of Streptomyces sp IMD 2679 is composed of three a-amylases, amylase I, II and III, with
temperature maxima of 60, 60–65 and 65 °C, respectively. Although each a-amylase displayed higher stability in the
pH range 6.0–8.5 than at pH 5.0–5.5, differences in their thermostabilities were more evident as the pH increased
from pH 6.0 to 8.5. There was a 14-min difference in half-lives between amylase III, the most thermostable enzyme
and amylase II at pH 6.0, and a 46-min difference in the half-lives of amylase III and the least thermostable enzyme,
amylase I at pH 6.5. In addition, the a-amylases underwent a pH-dependent monomer-dimer transformation.
Increased thermostability of the a-amylases was reflected in the variable contents of amino acids (Arg, His, Ser)
responsible for electrostatic interactions, and in the levels of aliphatic and bulky hydrophobic amino acids. There
was a two-fold reduction in Cys levels in amylase III relative to amylase I and II.
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Introduction

a-Amylases (1,4-a-d-glucan glucanohydrolase, EC 3.2.1.1)
hydrolyse starch and related compounds in an endo-acting
mechanism releasing maltooligosaccharides and glucose in
the a-anomeric form [5]. The majority of industrial appli-
cations fora-amylases require their use at high tempera-
tures. The upper temperature for the activity of such
enzymes is, however, dependent on the limits of protein
stability. Proteins have a temperature range within which
structural integrity is maintained. Outside this range denat-
uration occurs resulting in the loss of activity [1].

The physicochemical basis of increased protein thermo-
stability has been a subject of investigation since the late
1960s. Comparative studies on homologously-related pro-
teins, coupled with advances in protein engineering, sug-
gest structural trends characteristic of thermostable proteins
[4,11,17]. Higher thermostability has been attributed to
alterations in specific amino acid sequences resulting in
enhanced conformational stability and a reduced entropy of
unfolding, both of which increase the reversibility of the
thermoinactivation process [17]. Conflicting results, how-
ever, have made it apparent that no global rule for increas-
ing thermal stability is as yet available.

The main components in the amylolytic system ofStrep-
tomycessp IMD 2679 are threea-amylases differing in
their thermostability properties. This system provided a
unique opportunity to examine and extend the knowledge
of protein stability. Subtle differences in the amino acid
composition of each of the enzymes are discussed in the
context of implications for differential thermostability, and
conformity and/or non conformity, with structural trends
previously proposed to mediate thermostability.
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Materials and methods

Microorganism
Streptomycessp IMD 2679 was isolated and maintained as
previously described [10].

Enzyme production and purification
Crude enzyme was produced at 40°C as previously
described [10]. The amylolytic system ofStreptomycessp
IMD 2679 was purified by ammonium sulphate (0–60%)
fractionation, followed by affinity chromatography on baci-
tracin-Sepharose 4B, ultrafiltration, Superose-12 gel fil-
tration and finally preparative native polyacrylamide gel
electrophoresis. The final step in the purification procedure
separated the amylolytic system into three distincta-amyl-
ase components, amylase I, II and III. Eacha-amylase had
a specific activity of 3042 units mg−1 protein.

a-Amylase assay
a-Amylase was assayed by the addition of 0.5 ml enzyme
to 0.5 ml soluble starch (1%, w/v) in 0.1 M acetate buffer,
pH 5.5, followed by incubation at 40°C for 30 min. The
reaction was stopped and reducing sugars determined with
3,5-dinitrosalicylic acid according to the method of
Bernfeld [2].

Half-lives of thermoinactivation
The half-lives of thermoinactivation were measured by
incubating aqueous solutions of each enzyme at the desired
pH (buffer conditions are indicated below) at 65°C.
Samples were withdrawn after specific time intervals,
cooled on ice for 10 min, then diluted appropriately with
0.1 M acetate buffer, pH 5.5; the residual activity was then
determined. The catalytic half-lives were calculated using
Enzfitter, a non-linear regression analysis programme [7].
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Amino acid composition
Amino acid analysis was carried out at Alta Bioscience,
School of Biochemistry, University of Birmingham, UK.
The amino acid composition was determined as the number
of residues per mole of protein.

Relative molecular mass
The relative molecular mass (Mr) was determined by gel
filtration on a prepacked Pharmacia (Uppsala, Sweden) HR
10/30 FPLC Superose-12 column. The standards used were:
cytochrome c, Mr 12 400; chymotrypsin, Mr 22 500; oval-
bumin, Mr 45 000; bovine serum albumin, Mr 66 000 and
g-globulin, Mr 160 000. The column was equilibrated with
buffer (as indicated below). Aliquots (200ml) of each pro-
tein sample in the appropriate buffer were applied to the
column by means of a valve injection system (Pharmacia).
A flow rate of 0.5 ml min−1 was used and column eluents
were detected using a UV monitor and recorded with a
Spectra Physics (Manchester, UK) SP 4270 integrator.

Results

Effect of temperature on activity of amylase I, II and
III
Amylase I, II and III had temperature maxima of 60, 60–
65 and 65°C, respectively (Figure 1). At 70°C, amylase III
displayed higher % relative activity (greater than 70% of
the maximum) than amylase I (15%) or II (49%).

Effect of pH on the rate of irreversible
thermoinactivation of amylase I, II and III
The relative strengths of protein interactions including elec-
trostatic interactions are pH-dependent, with the pH of a

Figure 1 Determination of the temperature profiles of amylase I, II and
III of Streptomycessp IMD 2679.a-Amylase activity was assayed using
starch (final assay concentration 0.5%, w/v), in 0.1 M acetate buffer, pH
5.5, as substrate over a period of 30 min at the temperatures indicated.
Relative a-amylase activity (%) at each temperature is calculated in
relation to activity at maximum temperature (100%):G amylase I;h amy-
lase II; s amylase III.

solution influencing the overall charge of the protein. To
evaluate differences in thermostabilities of amylase I, II and
III from Streptomycessp IMD 2679, the half-lives of inacti-
vation were determined over the pH range 5.0–8.5
(Figure 2a). With pH, there were major differences in the
thermostability properties of the threea-amylases. Differ-
ences in half-life values of the most stablea-amylase
(amylase III) and the other two amylases were examined
relative to pH (Figure 2b). The variation in half-lives
between the enzymes was minimal at pH 5.0 and 5.5; how-
ever, as the pH increased, differences in the thermostabili-
ties became evident. The highest variation in stability

Figure 2 The effect of pH on the respective half-lives of irreversible
thermoinactivation of amylase I, II and III fromStreptomycessp IMD
2679. Enzyme was incubated at 65°C, at pH 5.0 and pH 5.5 (0.05 M
acetate buffer) and at pH 6.0–8.5 (0.05 M Tris/maleate buffer). (a) Effect
of pH on thermostability:G amylase I;h amylase II;g amylase III. (b)
Differences in half-life values between:g amylase III and I;j amylase
III and II.
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98 Table 1 The effect of pH on the relative molecular mass of amylase I,
II and III of Streptomycessp IMD 2679

Superose-12, gel filtration (Eluent) Relative molecular mass (Mr)

Amylase Amylase Amylase
I II III

0.05 M acetate buffer, pH 5.5, 47 900 48 400 48 400
containing 6 M guanidine hydrochloride

0.05 M Tris/HCl buffer, pH 8.5, 84 140 84 140 84 140
containing 6 M guanidine hydrochloride

between amylase III and I occurred at pH 6.5, yielding a
46-min difference in half-lives, whilst with amylase III and
II this occurred between pH 6.0–6.5 with a 14-min differ-
ence.

Effect of pH on the relative molecular mass of
amylase I, II and III
The relative molecular mass (Mr) of eacha-amylase was
determined by gel filtration in the presence of 6 M guani-
dine hydrochloride to preclude non-specific interactions
between the enzymes and the gel matrix. At pH 5.5, a value
in the range 47 900–48 400 was obtained for each enzyme
(Table 1). By increasing the pH to 8.5, a value (84 140)
almost twice that obtained at pH 5.5, was observed.

The amino acid composition of amylase I, II and III
Comparison of the amino acid composition of amylase III
and II, revealed lower levels of His, Trp and Arg in amylase
II (Table 2). The ratios of the His, Trp and Arg contents in
amylase III relative to those in amylase II were 1: 0.7, 1:0.9

Table 2 Amino acid composition of amylase I, II and III ofStreptomyces
sp IMD 2679

Amino acid Number of residues per mole Ratio
Amylase Amylase

I II III III:I III:II

Asp 45.9 56.8 56.2 1:0.8 1:1.0
Thr 32.9 29.5 29.5 1:1.1 1:1.0
Ser 21.0 17.3 16.9 1:1.2 1:1.0
Glu 11.1 16.0 12.4 1:0.9 1:1.3
Pro 12.2 14.3 13.9 1:0.9 1:1.0
Gly ND ND ND ND ND
Ala ND ND ND ND ND
Cysa 3.7 3.9 1.5 1:2.5 1:2.6
Val 28.2 25.0 25.3 1:1.1 1:1.0
Met 10.0 10.5 10.7 1:0.9 1:1.0
Ile 20.1 17.7 18.2 1:1.1 1:1.0
Leu 22.3 21.2 22.5 1:1.0 1:0.9
Tyr 21.7 22.5 22.5 1:1.0 1:1.0
Phe 19.1 20.7 21.1 1:0.9 1:1.0
His 36.6 19.1 26.7 1:1.4 1:0.7
Trp 4.8 6.6 7.4 1:0.6 1:0.9
Lys 23.9 22.7 23.9 1:1.0 1:0.9
Arg 14.8 15.9 16.9 1:0.9 1:0.9

ND = not determined (due to buffer interference).
aDetermined as cysteic acid.

and 1:0.9, respectively (Table 2). Conversely, higher levels
of Glu and Cys were detected in amylase II.

Greater variations in amino acid composition were
observed on comparing the amino acid content of amylase
III to that of amylase I. Lower levels of Asp, Glu, Pro, Phe,
Trp, and Arg as well as higher levels of Thr, Ser, Cys,
Val, Ile and His were observed in amylase I. The largest
difference between amylase I and II and the most thermo-
stable enzyme, amylase III was observed with respect to
the Cys content (Table 2). Two-fold lower levels of this
amino acid were observed in amylase III compared with
amylase I and II.

Discussion

Streptomycessp IMD 2679 produced threea-amylases dif-
fering in their thermostability properties. The existence in
nature of related multiple forms of enzymes presents valu-
able opportunities, which cannot be engineered in the lab-
oratory, to investigate and expand the knowledge of the
structure-function relationships of enzymes.

A number of highly thermostable enzymes occur as
stable oligomeric structures [6,15]; the oligomeric nature
of multisubunit enzymes is thought to confer increased
stability. Each of thea-amylases underwent a pH-depen-
dent monomer-dimer transformation. As each form pos-
sessed higher stability at pH 8.5 than at pH 5.5, the trans-
formation evident at pH 8.5 may provide an adaptive
mechanism to increase stability under adverse conditions.

The influence of pH on the susceptibility of thea-amyl-
ases to thermoinactivation also reflects a difference in the
ionisation of internal amino acid side chains and could indi-
cate subtle differences in the primary structure of thea-
amylases manifested in their thermostability. An increase
in the Arg content correlated with increasing thermal stab-
ility from amylase 1 (14.8 Arg residues) to amylase II
(15.9) and amylase III (16.9). Others have noted an increase
in the Arg: Lys ratio in thermophilic proteins [11,12]. This
would allow for formation of stronger salt linkages as Arg
possesses a higher pKa (12.0) than Lys (9.5) and, unlike
Lys, Arg remains positively charged at highly alkaline pH
values and at higher temperatures [17]. With the amylo-
lytic components of Streptomycessp IMD 2679, the
increase in Arg content was not, however, accompanied by
an equivalent decrease in Lys content. However, His levels
were greatly reduced in amylase II (19.1) and amylase III
(26.7) in contrast to amylase I (36.6). Examination of the
individual amino acid contents of each amylase indicated
that the most pronounced reduction lay in the His content
between amylase III and II. As His possesses a pKa in the
region of pH 6.0 [13], its replacement by Arg would allow
for the formation of stronger salt linkages in amylase II and
III. In addition, as the Arg and His levels are higher in the
most stablea-amylase (amylase III) than in amylase II, this
strengthens the argument for the involvement of salt link-
ages in stabilising the structure of amylase III. Such a pro-
posal can be substantiated by examining the pH depen-
dency of thermoinactivation, as the greatest variation in
half-lives between amylase II and III occurred at pH 6.0.

Polar amino acids such as Ser and Thr are less common
in thermophilic proteins [11]. With the amylolytic system
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of Streptomycessp IMD 2679 the highest level of Thr was
detected in amylase I and a decrease in Ser accompanied
increased thermostability. In addition, higher levels of the
bulky hydrophobic amino acids Trp, Phe and Pro and
reduced levels of the aliphatic non-polar amino acids Ile,
Val and Thr were detected in amylase II and III over amyl-
ase I. Such replacements would enhance hydrophobicity,
whilst reducing the entropy of unfolding of the protein
backbone. A number of studies have demonstrated a
relationship between stability and hydrophobic content
[1,4].

Increasing the proline content of a protein has been pro-
posed to have a stabilising effect [14,16]. Although a
higher proline content was detected in amylase II and III
relative to amylase I, a direct relationship between proline
content and thermostability was not observed.

The greatest difference in amino acid composition
between the most thermostablea-amylase, amylase III, and
the less thermostablea-amylases II and I, was noted in the
Cys content, with a greater than two-fold reduction in the
content of this amino acid in amylase III. Lepocket al [8]
proposed that an important step towards increasing enzyme
stability involved removal of free cysteine residues. Such
residues are susceptible to oxidation, and thermal inacti-
vation of a number ofa-amylases has been attributed to
such a modification [3]. The presence of free thiols within
a protein containing disulphides also leads to oligomeris-
ation through thiol–disulphide interchange [9]. The latter
may have contributed to dimerisation observed with thea-
amylases ofStreptomycessp IMD 2679. Thus, a lower Cys
content (as seen with amylase III) could imply fewer free
thiol groups available for nucleophilic attack (thiol–disul-
phide interchange) increasing the stability of existing disul-
phide bridges and enhancing protein stability.

A major area of interest in protein evolution is the means
by which variations in amino acid composition of proteins
can result in changes in enzyme stability. Increased ther-
mostability is attributed to alterations in specific amino acid
sequences resulting in enhanced conformational stability.
However, from a comparison of thea-amylases ofStrepto-
mycessp IMD 2679, thermostability cannot be attributed
to a single amino acid variation. A combination of factors
including variations in the number of hydrophobic and elec-
trostatic interactions as well as potential protein oligomeris-
ation are more likely to determine thermostability.
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