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Abstract

In recent years great interest has been generated in the process of protein folding, and the formation of intermediates during the folding process
has been proven with new experimental strategies. In the present work, we have examined the molten globule state of Bacillus licheniformis α-
amylase (BLA) by intrinsic fluorescence and circular dichroism spectra, 1-anilino naphthalene-8-sulfonate (ANS) binding and proteolytic
digestion by pepsin, for comparison to its mesophilic counterpart, Bacillus amyloliquefaciens α-amylase (BAA). At pH 4.0, both enzymes acquire
partially folded state which show characteristics of molten globule state. They unfold in such a way that their hydrophobic surfaces are exposed to
a greater extent compared to the native forms. Chemical denaturation studies by guanidine hydrochloride and proteolytic digestion with pepsin
show that molten globule state of BLA is more stable than from BAA. Results from gel filtration indicate that BAA has the same compactness at
pH 4.0 and 7.5. However, molten globule state of BLA is less compact than its native state. The effects of polyols such as trehalose, sorbitol and
glycerol on refolding of enzymes from molten globule to native state were also studied. These polyols are effective on refolding of mesophilic α-
amylase but only slightly effect on BLA refolding. In addition, the folding pathway and stability of intermediate state of the thermophilic and the
mesophilic α-amylases are discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The strategies which nature uses to stabilize the inventory of
the cell, especially proteins, and under extreme conditions are
still enigmatic despite 25 years of active research [1–4]. What
has become clear is that proteins, independent of their
mesophilic or extremophilic origin, consist exclusively of the
canonical 20 natural amino acids, and if other protein
constituents are found, they originate from covalent chemical
modifications [1]. Thus, enhanced stability can come from only
improved attractive forces: within the core, between domains
Abbreviations: ANS, 1-anilino naphthalene-8-sulfonate; BAA, α-amylase
from Bacillus amyloliquefaciens; BLA, α-amylase from Bacillus licheniformis;
CD, circular dichroism; Gdn–HCl, guanidine hydrochloride; MG, molten
globule; SEC, size exclusion chromatography.
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and subunits, or from extrinsic protectants such as compatible
solutes, conjugating components, and specific metabolites [1–
4]. Based on the complete genome sequence of hyperthermo-
philes and systematic comparisons of their protein inventories
with those of appropriate mesophilic counterparts, a wealth of
data has accumulated indicating that stabilization involves all
levels of protein structure hierarchy, i.e., secondary, super-
secondary, tertiary, and quaternary interactions [5–9]. More-
over, it has recently been demonstrated that the folding of larger
proteins often involves of partially folded states of protein [10–
12]. Studies on the mechanism of protein folding are directly
related to detection and the characterization of these interme-
diate states [13–16]. Evidence from physico-chemical analysis
of increasing number of protein molecules supported the
concept of the “molten globule” state. This state reflects a
protein form which is compact and has extensive secondary
structure but lacks some or all of the persistent tertiary
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interactions typical of native globular proteins and is observed
as a common intermediate in the folding process [10–16].

Since bacterial α-amylases are widely used in industrial
processes of starch degradation [17] and often at high
temperatures, a clear understanding of the molecular mecha-
nism of their folding and structure–function–stability could be
very useful [18–20]. In recent communications [21–23], we
described our attempts in elucidating the structure–activity
relationship of Bacillus licheniformis α-amylase (BLA) and
Bacillus amyloliquefaciens α-amylase (BAA). Sequence align-
ment of BLA and BAA revealed a very high homology (81%
identity, 88% similarity, see Ref. [24] but with a very different
thermostability. For detailed understanding of how proteins
achieve stability, it is not only important to study the native
structures of these molecules, but also the intermediate forms
such as molten globule states. In this study, we present
comparative data on the characterization of molten globule
states of BLA and BAA. Low pH induces a partially folded state
in both enzymes which have lost most of their specific side-
chain interactions but retained nearly all of their native
secondary structures as deduced from circular dichroism (CD)
and fluorescence-emission measurements. Here, we have
examined the stability of molten globule state of thermophilic
α-amylase and its mesophilic counterpart against chemical
denaturation and proteolytic digestion. In addition, the refolding
pathways of these enzymes will be discussed.

2. Materials and methods

Thermostable α-amylase from B. licheniformis (BLA) and
mesophilic α-amylase from B. amyloliquefaciens (type II-A),
pepsin, 3, 5-dinitrosalicylic acid (DNS), soluble potato starch,
1-anilino naphthalene-8-sulfonate (ANS) and Tris were pur-
chased from Sigma (St. Louis, MO. USA). In order to eliminate
the dye from BLA it was treated with activated charcoal
100 mg/ml and then it passed through Nylon Acrodisc syringe
filter with size of 0.45 μm and after that BLA was subjected to
ion chromatography using DEAE-Sepharose and eluted with a
linear gradient of 0 to 500 mM NaCl in Tris buffer, pH 7.5. All
other chemicals were from Merck (Darmstadt, Germany) and
were reagent grade.

2.1. Determination of the enzymatic activity and protein
concentration

α-Amylase was assayed in 20 mM Tris buffer, pH 7.5
containing 10 mM CaCl2 at room temperature using potato
starch as substrate. The concentration of reducing sugars
obtained from the catalyzed reaction was measured by the
dinitrosalicylic acid method according to Bernfeld [25]. Protein
concentration was determined by the Lowry method [26].

2.2. Preparation of the intermediate form by acid denaturation

Acid-induced unfolding of BAA and BLAwas carried out by
incubation of each enzyme in mix buffer that contained glycine
(20 mM), acetate (20 mM) and Tris (10 mM) at pH 4.0. In order
to assess the reversibility of acid-induced unfolding, BAA and
BLA at pH 4.0 in the presence and absence of additives such as
trehalose, sorbitol and glycerol (13%, W/Vor V/V) were diluted
30-fold by 20 mM Tris buffer, pH 7.5, containing 10 mM
CaCl2.

2.3. Size exclusion chromatography

Size exclusion chromatography (SEC) experiments were
carried out with a Superdex 70 column on a Pharmacia FPLC
system (Pharmacia, The Netherlands). BAA and BLA (0.7 mg/
ml) were incubated in mix buffer at different pH values and
loaded on to the column, equilibrated by the same buffer. The
flow rate was set to 10 ml/h.

2.4. Circular dichroism studies

Circular dichroism (CD) measurements were conducted
using a JASCO (Tokyo, Japan) J-715 spectropolarimeter
equipped with a thermostatically controlled cell holder. The
instrument was calibrated with (+)-10-camphorsulfonic acid.
Far and near-UV CD spectra were measured at protein
concentration of 0.3 and 1 mg ml−1. Results are expressed as
molar ellipticity, [Θ] (deg cm2dmol−1), based on a mean amino
acid residue weight (MWR) assuming average weights of 113.4.
The molar ellipticity [Θ] was calculated from the formula [Θ]λ=
(θ×100 MRW)/ (cl), where c is the protein concentration in mg/
ml, l is the light path length in centimeters, and θ is the measured
ellipticity in degrees at wavelength λ.

2.5. ANS binding experiments

1-Anilino naphthalene-8-sulfonate (ANS) binding studies
were performed in a Perkin Elmer luminescence spectrometer
LS 50B. The spectra were measured in mix buffer, at different
pH values. The final concentration of ANS in the enzyme
solutions was 30 μM, and the molar ratio of protein to ANS was
1 :50. The ANS emission was scanned between 400 and 500 nm
with an excitation wavelength of 380 nm.

2.6. Proteolytic cleavage of BLA and BAA

Digestion of BLA and BAAwere performed by incubation of
each dissolved protein in 20 mM mix buffer, pH 4.0 containing
10 mM CaCl2, with pepsin (substrate: protease ratio was 1 :25,
by mass) at 37 °C. At the end of incubation time, aliquots were
removed from the reaction mixture, the pH changed to 6.5 and
was immediately placed in sample solvent for SDS-polyacryl-
amide gel electrophoresis. SDS gel electrophoresis was
performed using 15% acrylamide gel according to Laemmli
[27]. The gels were stained with coomassie brilliant blue R-250.

2.7. Aggregation measurements

The partially folded enzyme at concentration of 0.1 mg/ml in
mix buffer, pH 4 was placed in Perkin Elmer luminescence
spectrometer LS 50B cuvette. The excitation and emission
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monochromators were set at 350 and 355 nm with band pass of
1.5 nm and the extent of light scattering was monitored [28].

2.8. Stability measurements

The unfolding profiles of MG states of BAA and BLAwere
determined by intrinsic tryptophan (Trp) fluorescence measure-
ments. The MG states were incubated for 15 min at 25 °C in
different Gdn–HCl concentrations. The denaturation process
can be monitored through the changes in the fluorescence
intensity at 340 nm. The Gibbs free energy change (ΔG°) is
given by the following equation:

DG- ¼ −RT lnK:

Where R is the universal gas constant, T is the absolute
temperature and K is the equilibrium constant of the
denaturation process. By plotting the ΔG° versus [Gdn–Hcl],
ΔG°H2O, which is the Y-intercept, can be obtained [29].

2.9. Hydrophobicity calculation

Values for the hydrophobicity of the BAA and BLA protein
sequences were calculated using a moving window averaging
method that continuously determines the average hydrophobic-
ity within a segment of predetermined length as it advances
through the sequence [30]. The program (ProtScale program,
from ExPAsy, Swiss Institute of Bioinformatics) assigns the
appropriate hydropathy value to each residue, and then
successively sums these values, starting at the N terminus,
within overlapping segments displaced from each other by one
residue. A segment window size of fifteen was used. For a
window size n, (n−1) /2 neighboring residues on each side of
residue i are used to compute the score for residue i; the first
value therefore corresponds to the sum of the hydropathies of
residues 1–15, and is plotted at location 8 [30]. The relative
weight of the window edges was taken as 100%, i.e. all fifteen
residues were taken equally to the sum.
Fig. 1. Characterization of BAA and BLA at acidic pHs. a) Fluorescence intensitie
excitation wavelength was 280 nm. Fluorescence spectra of 30 μMANS in the presen
6.0 and (6) pH 7.0. For more details please see Materials and methods section.
Results presented in this paper are the mean from at least
three repeated experiments in a typical run to confirm
reproducibility.

3. Results

The acid denaturation of BAA and BLAwas compared over
a pH range of 2 to 7. BAA and BLA contain 17 tryptophan
residues, which are distributed in the buried interior and
solvent accessible surface of the protein [31]. As the intrinsic
fluorophore tryptophan is highly sensitive to the polarity of its
surrounding environment, the pH-dependent changes in the
conformation of α-amylase were followed using fluorescence
spectroscopy. As shown in Fig. 1a, on lowering the pH, the
tryptophan fluorescence of BAA and BLA progressively
decreases to become more or less constant, indicative of the
presence of a non-native stable intermediate at low pH. ANS is
essentially non-fluorescent in aqueous solution whereas its
emission intensity increases in a hydrophobic environment
[32]. This property of ANS was used to study the acid
unfolding of BAA and BLA. As shown in Fig. 1b and c, at
acidic pH, BAA and BLA show a marked increase in ANS
fluorescence intensity as compared to the native protein at pH
7.0. In addition, this effect was accompanied by a blue shift in
the ANS fluorescence spectrum at low pH. The changes in the
secondary structures of BAA and BLA at different pH values
were monitored by far-UV circular dichroism. Since Tris
strongly absorbs at wavelengths below 200 nm, the CD spectra
have been recorded in the 200–250 nm range (Fig. 2a and b).
The ellipticity of a polypeptide chain at 222 nm is usually
considered as an index of its α-helix secondary structure.
These measurements showed that the ellipticity at 222 nm
changes slightly between pH 7.0 and pH 4.0, indicating that
even at low pH a native-like secondary structure persists for
BAA and BLA. Also, near UV CD spectra for both enzymes
showed gradual loss of tertiary structure content as the pH
values were decreased (Fig. 2c and d). Therefore, the acid-
denatured enzymes retain pronounced secondary structure,
s of BAA (▪) and BLA (▴) at 340 nm upon incubation at different pHs. The
ce of BAA (b) and BLA (c) at (1) pH 4.0; (2) pH 4.5; (3) pH 5; (4) pH 5.5; (5) pH



Fig. 2. Far- and near-UV CD spectra of BAA (a and c) and BLA (b and d) at different pH values. Each curve is labeled by corresponding pH value. For more details
please see Materials and methods section.
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while the near-UV CD spectrum and intrinsic fluorescence of
the acid-induced partially folded states are essentially feature-
less. Goto et al. have proposed that upon acid titration,
intramolecular charge repulsions are the driving force for
partial unfolding of the protein molecule [33]. Similar results
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Fig. 3. Chemical denaturation of molten globule states of BAA and BLA (at pH
4.0) by Gdn–HCl. Global unfolding measured through the changes in the
fluorescence intensity at 340 nm for BAA (▴) and BLA (▪) following
excitation at 280 nm. Inset shows the free energy versus [Gdn–HCl] plot for
BAA (▴) and BLA (▪).
have been reported for the intermediate states of bromelain
[34], glucose/xylose isomerase [35], bovine growth hormone
[36], apomyoglobin [37] and cellular retinol-binding protein
type I [38].

The above results indicate that at low pH, BAA (also see Ref.
[39]) and BLA adopt, as do many other proteins [33–37], the
features of a partially denatured state, characterized as a “molten
globule” state by the properties reported in the following three
sections.

3.1. Molten globule state of BAA is less resistant to unfolding
and proteolysis than BLA

Fluorescence emission data show that in the acid-denatured
state of BAA and BLA, tryptophan residues are not completely
Fig. 4. Proteolysis of BAA and BLA by pepsin (pep) at pH 4.0. BAA and BLA
were digested by incubation of each protein dissolved in 20 mM mix buffer, pH
4.0 with pepsin (protein : substrate ratio 1 :25). After 60 min reaction at 37 °C, an
aliquot of the proteolysis mixture was analyzed by SDS-PAGE. The molecular
weights of marker (M) are indicated.



Fig. 5. SEC elution profiles of BAA (a) and BLA (b) at pH 7.0, 6.0, 5.0 and 4.0. Two hundred microliters of enzyme solution was loaded on to a FPLC Superdex 70
column. For more details please see Materials and methods.
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exposed to the solvent. In fact, the maximum emission is
observed at a wavelength significantly lower than in 6 M
Gdn–HCl, a medium in which the protein has lost both
secondary and tertiary structures. The unfolding of the molten
globules of BAA and BLA at pH 4 and 25 °C as a function of
Gdn–HCl concentration was followed by monitoring wave-
length fluorescence emission at 340 (Fig. 3) and the inset
indicates the free energy versus [Gdn–HCl] plot for the two
enzymes at pH 4. Both proteins seem to be unfolded in a
two-state process. The apparent midpoint concentration of
unfolding (Cm) of BAA in Gdn–HCl is 0.7 M, while that of
BLA is 2.7 M. The conformational stabilities in the absence
of denaturant (ΔG H2O) at pH 4 and 25 °C are 2.81 and 4.46
kcal/mol for BAA and BLA, respectively. The results show
that the molten globule state of a thermophilic enzyme has
higher stability than the molten globule state of its mesophilic
counterparts.
Fig. 6. Reactivation of BAA (a) and BLA (b) in the absence (O) or presence of tre
incubation time at pH 4.0. The enzymes were incubated at pH 4.0, in the absence
containing 10 mM CaCl2 and remaining activities were determined.
Previous studies have shown that specific or preferential
fission of peptide bond(s) by limited proteolysis is a useful
method to probe structural properties of proteins [40–42]. In
this study, limited proteolysis was performed by incubating
BLA and BAA at pH 4 with pepsin. The SDS-PAGE analysis of
the proteolysis mixture after 60 min reaction at 37 °C reveals
that the digestion was more extensive with MG state of BAA
compared to BLA (Fig. 4).

3.2. Compactness of acid-induced molten globule states of BAA
and BLA

In acid-denatured states of BAA and BLA, tryptophan
residues are not completely exposed to the solvent (Figs. 1 and
2). This finding is in accordant to the idea that acid-denatured
BAA and BLA, similar to other proteins, retain compactness.
The compactness of the acid-denatured mesophilic α-amylase
halose (▴), sorbitol (x) and glycerol (▪) (13%, W/V or V/V) as a function of
or presence of polyols, and were diluted 30-fold in 20 mM Tris buffer, pH 7.5
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and its thermophilic counterpart can be demonstrated by the
highly efficient size-exclusion chromatography [10,13,15]. Fig.
5a and b shows elution profiles for acid-induced unfolding of
these proteins at 25 °C. At pH 4, a single elution peak is
observed for BAA at the position which essentially coincides
with that of the native proteins, but the elution peaks of acid-
denatured BLA shift to smaller elution volumes with the
decrease in pH. These results indicate that the molecular shape
of BLA becomes less compact at low pH compared to that of
native enzyme, which may correspond to a more expanded state
of BLA at acidic pH.

3.3. Refolding studies and aggregation measurements of BAA
and BLA at low pH

BAA and BLA previously incubated in mix buffer, pH 4,
were diluted 30-fold in 20 mM Tris buffer, pH 7.5 containing
10 mM CaCl2. Enzyme activities of refolded BAA and BLA
were recorded 30 min after the dilution (Fig. 6). Results
indicated that the reactivation of both enzymes depends on the
incubation time at acidic pH. For BLA incubation period at pH
4, after which the enzyme regains 50% of its activity in the
reactivation process, was calculated to be 130 s compared to
80 s for BAA indicating more reactivation for BLA. In
addition, effect of certain polyols such as sorbitol, trehalose
and glycerol on the refolding of BAA and BLA was studied.
The enzyme in mix buffer, pH 4, was treated with 13% (W/V
or V/V) of each polyol and following various incubation
periods, samples were diluted. As shown in Fig. 6 BAA
showed higher reactivity in the presence of polyols; however,
BLA was affected to a less degree. The observed decrease in
intrinsic fluorescence for both enzymes in the presence and
absence of polyols at low pH was the same (data not shown).
This observation indicates that these additives probably do not
prevent the disruption of the tertiary structure in acidic pH.

Light scattering methods provide a sensitive measure of
aggregate formation in protein solutions [28]. Fig. 7a and b
shows the light scattering profile of BAA and BLA (0.1 mg/ml)
as a function of time at pH 4. As is evident in Fig. 7, BAA has a
tendency to aggregation in pH 4 while no aggregation is
Fig. 7. Aggregation of the molten globule state of BAA (a) and BLA (b) at pH 4.
concentration was 0.1 mg/ml. The excitation and emission monochromators were se
values. For more detail please see Materials and methods.
observed for BLA. Furthermore, polyols such as trehalose
prevent aggregation and the cohesive force of sugars respon-
sible for the increase in the surface tension of water is also
suggested to be an important factor [43]. Accordingly,
preferential interaction of proteins with solvent components,
in aqueous sugar systems, may take place concomitant with
enhancement in refolding process [44].

4. Discussion

How the stabilization of thermophilic proteins affects their
molten globule state stability and folding rates may provide
insight into the relationship between structure, stability, and
folding. There are a relatively small number of comparative
studies on the partially denatured states and on the folding
pathways of thermophilic and mesophilic homologues in the
literature [6,45–47]. We have showed the existence of an
intermediate state at low pH for a thermophilic α-amylase
(BLA) and its mesophilic counterpart (BAA). The following
results were obtained: (1) Far-UV CD spectra of these
intermediates for BLA and BAA are very pronounced, which
suggest that these intermediates have high content of native-like
secondary structure. Not only the main retention of secondary
structure in acidic pH but also the remarkable loss of tertiary
structure content as a result of decreasing pH values propose a
partially folded state known as molten globular like state for
both enzymes. (2) The intrinsic fluorescence of tryptophan
residues was decreased in BAA and BLA as accompanied by
red shift. These results show that at acidic pH, there are changes
in the tertiary structure of BAA and BLA resulting in exposure
of the buried tryptophan residues to polar solvents. (3) ANS
fluorescence intensity in the presence of BAA and BLA
increases with a decrease in pH. This shows that BAA and BLA
strongly bind ANS in the acidic pH, which is a specific test for
molten globule states [13,38]. (4) Size-exclusion chromatogra-
phy results indicated that the main elution peak of the
intermediate state of BAA at low pH practically coincides
with that of the native state. In the case of thermophilic enzyme
(BLA), the compactness of intermediate state is lower than the
native state but is higher than the denatured form of enzyme at
0 in the presence (1) and absence (2) of trehalose (13%, W/V). The enzymes'
t at 350 and 355 nm. Standard deviations were within 5% of the experimental



Fig. 8. The hydrophobicity profile for the sequences of BAA (solid) and BLA
(dotted). A hydrophobicity value is assigned to each residue and the values
summed successively, starting at the N terminus, within overlapping segments
displaced from each other by one residue. A segment size of fifteen residues was
used and a given sum is plotted above the middle residue of the segment
involved.
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6 M Gdn–HCl (data not shown). All these observations
suggest that at acidic pH, BAA and BLA have a compact
structure with molten globule-like characteristics. “Molten
globule” is partially structured protein folding intermediate that
adopts a native-like overall backbone topology in the absence
of extensive detectable tertiary interactions. As known from
many studies, thermostable proteins often exhibit a high
resistance against unfolding induced by chemical denaturants
such as urea and Gdn–HCl [6,45,48]. Our results demonstrated
that in the intermediate state, also the thermophilic enzyme
was highly resistant to chemical denaturant compared to its
mesophilic counterparts, as indicated by obtained ΔGH2O

values. Resistance was also observed when thermophilic
enzyme, in the intermediate state, was subjected to pepsin
treatment (Fig. 4). The difference in stability observed for the
core residues of the molten globule states of BLA and BAA
may be rationalized by the difference in their hydrophobicities.
An analysis of the hydrophobic nature of the sequences of the
two proteins was carried out using the hydrophobicity scale
devised by Kyte and Doolittle [30]; the variations in the
hydrophobicities as a function of the sequence are shown in
Fig. 8. The β-sheet 3 (Bβ3, His133–His140) in domain B, and
α-helix 5 (Aα5, Leu267–Lys276) and β-sheet 2 (Aβ2, Ala39–
Trp41) in domain A of BLA can be seen to be significantly
more hydrophobic than those of BAA. In addition, the internal
elements average hydrophobicity units of the α-amylase
secondary structure (β/α)8-barrel in BLA is higher than BAA
[49]. These observations suggest that the hydrophobic interac-
tions are particularly important in stabilizing the molten
globule state of BLA. These results and available data on
adapted enzymes to high temperatures can be integrated in a
model based on the “new view” using the folding funnel which
is described by D'Amico et al. [48]. A decrease in free energy
level is observed as the enzyme polypeptide folds when it
passes intermediate states and reaches local minima of energy.
D'Amico et al. have shown that these intermediate states
account for the ruggedness of the funnel slopes in the folding
pathway [48]. We have demonstrated that the ruggedness of the
funnel which depicts the stability of the intermediate state (such
as the molten globule states), is different when thermophilic
and mesophilic α-amylases are compared.

Another point warranting the discussion is reactivation of
BAA as compared to BLA. Results indicate that BAA, in the
MG state, tends to aggregate (Fig. 7a) while it is not observed
for BLA. It could be suggested that polyols such as trehalose
prevents aggregation (Fig. 7a) and consequently, in the case of
BAA increases reactivation (Fig. 6a). When BLA is incubated
for 30 min at pH 4, treated with 4 M Gdn–HCl, and dialyzed
against Tris pH 7.5 containing 10 mM CaCl2, retrieves almost
90% of its initial activity (data not shown). These results
indicate that most probably, in pH 4.0 and following the
formation of the intermediate state, BLA tends to adopt a
scrambled or misfolded conformation. Gdn–HCl appears to
unfold this misfolded structure and following dialysis, at pH
7.5, BLA regains its former activity. Therefore, acid-induced
conformational changes in bacterial α-amylases, promote the
formation of the aggregation-prone molten globule state in
BAA and an intermediate state in BLAwhich has a tendency to
make misfolded or scrambled structure.

In summary, we prepared the folding intermediate products
(the molten globule states) of two α-amylase homologues,
which were confirmed by intrinsic fluorescence, CD spectra and
ANS-binding measurement. Characterization of these products
demonstrated that the “MG” state of BLA is more stable than
that of BAA in terms of resistance to denaturant (Gdn–HCl) and
proteolytic digestion. Size exclusion chromatography showed
that the compactness of BLA might change with environmental
pH whereas BAA remains relatively stable. Effects of polyols
on the refolding of the enzyme were also studied. Results
indicated that polyols are more effective on refolding of
mesophilic α-amylase than thermophilic enzyme.
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