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Abstract

An intermediate form of α-amylase from Bacillus subtilis was prepared
following a previously reported procedure. Stabilization of this protein struc-
ture by various additives and its interaction with alkyl-substituted Sepharose
4B (Sepharose-lipid), used to mimic the role of the alkyl chains of the phos-
pholipid bilayer, were investigated. Exposure of hydrophobic clusters in the
protein structure on denaturation was indicated by a greater affinity of the
intermediate form for interaction with the alkyl chains on the matrix, as
compared with the original native structure. Near- and far-ultraviolet circu-
lar dichroism studies supported loss of tertiary structure with retention of
secondary structure, as expected from molten globular intermediate forms.
Based on the results presented, we suggest that interaction of a protein in its
native and nonnative forms with an alkyl-substituted matrix may provide
useful information regarding its capacity for insertion into and translocation
across the biologic membrane.

Index Entries: α-Amylase; intermediate structure; Sepharose-lipid;
hydrophobic matrix; membrane insertion; membrane translocation.
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Introduction
After their synthesis in the cell, many proteins have to cross mem-

branes in order to reach the site of their function. It has been established that
this process is facilitated by partial unfolding of native protein molecules.
Accordingly, to be competent for translocation across the cytoplasmic
membrane, secretory proteins are prevented from folding into their native
conformation in the cytosol of the cell. Following translocation, these pro-
teins fold into their native conformation on the trans side of the membrane.

There is considerable evidence that in both prokaryotic and eukary-
otic systems, the dynamics of protein unfolding-folding play an important
role in secretion of exocellular proteins (1–4). Furthermore, it has been
suggested that in vitro studies of unfolding-folding transition of isolated
exocellular proteins under in vivo conditions (such as pH and temperature)
may provide useful information in relation to a better understanding of
translocation processes in the cell (4).

Bacillus subtilis and related Bacillus species are widely used in biotech-
nology because they are one of the best known prokaryotes. They are non-
pathogenic, are capable of secreting functional extracellular proteins
directly to the culture medium, and are currently used to produce various
industrial enzymes. In a study on B. subtilis α-amylase, an intermediate
protein structure was identified and suggested to be involved in the secre-
tion process of this enzyme (4). In the present study, the same denaturation
strategy was employed, and stabilization of the intermediate structure by
various stabilizers and its interaction with alkyl residues on hydrophobic
adsorbents were investigated. We suggest that the type of study reported
here may provide a useful model related to translocation of the enzyme.

Materials and Methods

Chemicals
α-Amylase from B. subtilis N7 was obtained from Merck (Darmstadt,

Germany). α-Glucosidase was a product of Roche (Boehringer Mannheim),
and Sepharose 4B and all other biochemicals were purchased from Sigma
(St. Louis, MO). The amylase appeared homogeneous as judged by sodium
dodecyl sulfate-gel electrophoresis run according to Laemmli (5). Repro-
ducibility of the data presented was confirmed by repeating the experi-
ments at least twice.

Determination of Enzymatic Activity and Protein Concentration
α-Amylase was normally assayed at 37°C using blocked p-nitrophenyl

α-D-maltoheptaoside as substrate and following a procedure essentially as
described previously (6) with the difference that 100 mM potassium phos-
phate, pH 7.0, was used and α-glucosidase was added at 0.4 U/mL. Enzy-
matic activity was also measured by determining the concentration of
reducing sugars on hydrolysis of soluble starch, as described previously
(7). Protein concentration was determined by the Bradford method (8).
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Preparation of Intermediate Form of Enzyme

Essentially, the procedure previously reported by Haddaoui et al. (4)
for preparation of an intermediate form of the enzyme from a B. subtilis
source was followed. A 7 mg/mL solution of α-amylase was extensively
dialyzed in 100 mM potassium phosphate, pH 7.0. A volume of this enzyme
solution was added to an appropriate volume of 6 M guanidinium hydro-
chloride (Gdn-HCl) prepared in the phosphate buffer containing 0.5 mM
EDTA, providing a final mixture consisting of about 1.2 mg/mL of enzyme,
5M Gdn-HCl, and 0.5 mM EDTA. This preparation was incubated at 37°C
for 10 min and subsequently diluted 60-fold in the phosphate buffer contain-
ing 0.5 mM EDTA at 37°C. The final preparation was left on ice until use.

Coupling of Alkyl Glycidyl Ethers to Sepharose 4B

Preparation of octyl-, dodecyl-, and palmityl-glycidyl ethers, their
coupling to Sepharose 4B, and determination of the degree of substitution
were carried out exactly as outlined previously (9).

Preparation of Immobilized Protein

Adsorption of native α-amylase was tested by adding 1 mL of a
0.1 mg/mL solution of the enzyme (in the phosphate buffer) to 1 mL of
Sepharose-lipid suspension containing 0.5 mL of the packed adsorbent at
25°C. The mixture was gently shaken for 60 min followed by centrifugation
and washing of the pellet, twice with the same buffer. To immobilize the
intermediate form (in the phosphate buffer containing 0.5 mM EDTA), the
protein was concentrated fivefold by ultrafiltration at 4°C immediately
after its preparation. One milliliter of the protein solution containing 0.1 mg
of protein was added to 1 mL of the Sepharose-lipid suspension. The pro-
cedure described for the native enzyme was followed. On centrifugation,
the pellets were washed with the phosphate buffer containing 0.5 mM CaCl2.
The activity of immobilized preparations was determined following a pro-
cedure reported previously (10).

Circular Dichroism Measurement

Circular dichroism (CD) spectra were recorded on a JASCO J-715 spec-
tropolarimeter (Japan) using solutions with protein concentrations of about
0.2 and 1.0 mg/mL for far- and near-ultraviolet (UV) regions, respectively.

Fluorescence Measurements

Measurements were taken on a Hitachi MPF-4 apparatus. A 0.02 mg/mL
solution of the enzyme was used for intrinsic fluorescence studies with an
excitation wavelength of 280 nm. For extrinsic fluorescence measurements,
the final 8-anilino-l-naphthalene sulfonate (ANS) and protein concentra-
tions were 33 µM and 0.02 mg/mL, respectively. An excitation wavelength
of 350 nm was used.
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Results and Discussion
Formation of Intermediate Structure and Effect of Stabilizers

Immediately after preparation, the intermediate structure had 60% of
the activity of the original native enzyme, was unstable, and lost its cata-
lytic activity with rates depending on the temperature of incubation
(4–50°C; see Fig. 1). This loss of activity was immediately and efficiently
stopped by the addition of Ca+2, and no further loss was observed when this
inorganic ion was added to the preparation at different times of incubation
at 25°C (Fig. 2A). In addition, when the denatured enzyme was diluted in
the phosphate buffer containing 0.5 mM CaCl2, instead of 0.5 mM EDTA,

Fig. 1. Activity loss of intermediate structure (0.02 mg/mL) incubated in 100 mM
phosphate buffer, 0.5 mM EDTA, pH 7.0 at (�) 4, (�) 25, (�) 37, and (�) 50 °C. Further
details are described in Materials and Methods.

Fig. 2. Change in catalytic activity (at 25°C) with time of enzyme pretreated with
5 M Gdn-HCl and diluted in the buffer containing (�) 0.5 mM EDTA or (�) 0.5 mM
CaCl2. (A) Addition of CaCl2 (0.5 mM final concentration) at 10 (�), 50 (�), and 120 (�)
min to the intermediate structure. (B) The activity at zero time corresponding to the
reading taken immediately after dilution and changes in activities with time in the two
buffers are indicated. For additional details see Materials and Methods.
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the intermediate structure regained most of its catalytic activity (Fig. 2B),
presumably by going toward its native conformation, as also suggested by
a similar study (4). Calcium has been reported to exhibit the roles of allos-
teric activator (11) and protein stabilizer (12) in relation to α-amylases.
All α-amylases contain at least 1 g atom of this inorganic ion/mol, with
binding sites conserved in the enzyme isolated from different sources (13).

Interaction of Native and Intermediate Forms
of α-Amylase With Sepharose-Lipid
Native α-amylase showed a low affinity for adsorption, and only lim-

ited immobilization of the enzyme was observed using palmityl-Sepharose
as the matrix (Table 1). Interaction of the enzyme with the hydrophobic
supports was improved on conversion to the intermediate form. As indi-
cated in Table 1, the protein showed a higher affinity for adsorption on
palmityl-Sepharose than on the other two adsorbents, containing shorter
alkyl chains, with comparable specific activities. These results suggest that
by conversion of native α-amylase to an intermediate form, the hydropho-
bic pockets become more available for interaction with alkyl residues on
the support. Similar conclusions were made in studies related to inter-
action of carbonic anhydrase (14), urease (15), and glucose oxidase (16)
with hydrophobic supports.

Our previous studies related to interaction of proteins with Sepharose-
lipid indicated that virtually irreversible binding may take place with some
protein structures, even in their native forms (11). In the present investiga-
tion, the adsorbents containing alkyl residues, such as palmityl groups,
were used as models to mimic the hydrophobic properties of the phospho-
lipid bilayer in relation to translocation of α-amylase, via formation of an
intermediate form, as described previously (4). Accordingly, the hydro-
phobic component of interactions between a protein molecule and phos-
pholipids of biologic membranes is emphasized. For this model to be of

Table 1
Adsorptive Immobilization of Native and Intermediate Forms

of α-Amylase on Sepharose-Lipida

       Form Immobilization Specific activity
of α-amylase (%) (U/mg)

Native
C16 10 ± 3 24

Intermediate
C8 30 ± 4 4
C12 40 ± 5 4.5
C16 52 ± 7 4
aImmobilization of native α-amylase was carried out on palmityl-

Sepharose. For the intermediate structure, this process was carried out
using octyl-, dodecyl-, and palmityl-Sepharose. For additional details,
see Materials and Methods.
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relevance to translocation, it would be expected that interaction of the
intermediate structures with Sepharose-lipid takes place in the absence of
strong associations. To test this, the immobilized preparations were used
in continuous catalytic operations, which indicated ease of desorption in all
cases (Fig. 3A). As expected, owing to relatively weaker hydrophobic inter-
actions, the protein was more easily desorbed from octyl-Sepharose than
from dodecyl- or palmityl-Sepharose (Fig. 3A). In addition, the degree of
interaction was dependent on the temperature of operation (Fig. 3B).

The importance of this observation in relation to protein secretion is
based on the premise that on conversion of native structures to intermedi-
ate forms, the hydrophobic residues exposed to the surface may induce
membrane insertion and facilitate threading of the protein through the
phospholipid bilayers, which would otherwise be difficult owing to high
energy barriers. Accordingly, membrane insertion and translocation of this
secretory protein becomes possible by its capacity to take up an intermedi-
ate form, as described in the present investigation. The information pro-
vided by this type of study could be useful in design strategies related to
improvement of secretion of such proteins. An adsorbent containing
palmityl residues may serve as a relatively more realistic model since palmityl
groups constitute one of the most common acyl chains of the phospholipid
molecules in biomembranes.

Secondary and Tertiary Protein Structures
Lowering of intrinsic fluorescence suggested displacement of tryp-

tophan residues toward a relatively more polar environment, on formation

Fig. 3. Continuous catalytic operation involving immobilized preparations of inter-
mediate form of α-amylase. Exactly the same amount of the intermediate form (100 µg)
was loaded onto columns containing the hydrophobic adsorbents: (A) columns con-
taining intermediate form of enzyme immobilized on (�) palmityl-, (�) dodecyl-, and
(�) octyl-Sepharose; (B) columns containing intermediate form immobilized on
palmityl-Sepharose and run at (�) 4 and (�) 25°C. Continuous hydrolysis of a
0.1% solution of soluble starch (prepared in 20 mM Tris, pH 7.0, containing 5 mM CaCl2)
was determined. Further details are described in Materials and Methods.
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of the intermediate structure (Fig. 4). In the near-UV CD spectra, clear
differences in the tertiary structure of the native and intermediate forms are
evident (Fig. 5A). The differences in the 260- to 270-nm and about 290-nm
regions of the spectra may be taken to suggest that flexibilities of phenyla-
lanine and tryptophan residues are diminished and enhanced, respectively,
on formation of the intermediate form. The far-UV spectra (Fig. 5B) indicate
that the secondary structure of the intermediate state is close to that of
the corresponding native state. Taken together, these data suggest that the
protein takes up an intermediate structure with some of the characteristics
of molten globular forms (17). The fact that the enzyme may take up such
structures for its translocation may be of importance related to the mecha-
nisms of secretion of this and other secretory proteins. The involvement of

Fig. 4. Intrinsic fluorescence spectra of native (1) and intermediate (2) forms of
α-amylase. Fluorescence spectra were taken 30 min after preparation of the inter-
mediate structure. Further details are provided in Materials and Methods.

Fig. 5. (A) Near- and (B) far-UV spectra of native (1) and intermediate (2) forms of
α-amylase. Additional details are provided in Materials and Methods.
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the molten globular state of protein for protein translocation has already
been suggested for other proteins (refs. 18 and 19).

The aforementioned results suggest that the folding intermediate used
in the present investigation displays different properties related to residual
enzyme activity, stability, and CD characteristics as compared with those
reported by Haddaoui et al. (4). This is probably owing to the fact that the
enzyme used in the present study was purified from B. subtilis N7, which
has a molecular mass of 48 kDa, corresponding to a truncated form of the
enzyme (molecular mass = 69 kDa) used by Haddaoui et al. (4).

The results presented here on the enzyme gaining the capacity for
interaction with the hydrophobic supports (Table 1) can obviously be
explained in terms of the provision of hydrophobic sites on its denatur-
ation. In some similar studies (see ref. 14), we were able to demonstrate that
this property of a protein may coincide with enhancement of the fluores-
cence of ANS, normally used as a hydrophobic-reporter probe. This dye
has been shown to be a sensitive probe for partially folded intermediates
(see refs. 20–22). In the present investigation, however, we did not obtain a
clear fluorescence enhancement of the probe, presumably owing to repul-
sive interactions between ANS and α-amylase (pI of 5.4). It is therefore
suggested that had it not been for such repulsive electrostatic interactions
or some other limitations (23), the typical enhancement reported for similar
protein structures (see ref. 24) would have been attained.

The suggestion that the protein takes up some of the characteristics of
molten globular intermediate structures may be of direct relevance to its
ability to be translocated across biologic membranes. Various reports sug-
gest that (see refs. 4, 25, and 26) formation of such intermediate structures
may indeed provide a protein with this capacity. This makes good sense
because preservation of the secondary structure (in contrast to complete
unfolding), concomitant with provision of hydrophobic sites (for inter-
action with alkyl groups of the phospholipids bilayer), may provide a pro-
tein with the best pathway for membrane insertion and translocation.
Needless to say, the energy cost related to this process would be mini-
mized with a compact architecture. An increase in the flexibility of parts
of the protein structure on formation of the intermediate form, as sug-
gested by the data presented in Fig. 5A, could also be of relevance because
the protein should be sufficiently deformable for its translocation to occur
efficiently.

It should be emphasized that conversion of native to nonnative
α-amylase appears to provide the enzyme with limited capacity for
interaction (as opposed to extensive “virtually irreversible” interaction;
[27]). This is intriguing because there are reports in the literature (see, ref. 28)
suggesting that although an increase in the hydrophobicity of a signal
peptide would improve protein secretion, there appears to be a limit to this
effect and too high a hydrophobicity would actually reduce the secretion
efficiency of proteins. To what extent the analogy between these two very
dissimilar situations would be valid is open to conjecture. However, it is
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clear that an efficient membrane translocation of a protein could only take
place in the absence of extensive hydrophobic interactions.

Conclusion

We suggest that studies similar to the present investigation may
provide information useful for a better understanding of some of the
mechanisms related to membrane insertion and translocation of a protein.
They may also furnish data useful for design strategies related to optimi-
zation of protein secretion.
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