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Adaptation of Class-13 �-Amylases to Diverse
Living Conditions
Anni Linden and Matthias Wilmanns*[a]

There are currently 35 available nonredundant molecular struc-
tures of class-13 �-amylases (EC 3.2.1.1), mostly from microbial
organisms living under a wide range of environmental conditions.
One of the most recent additions has been the first �-amylase
structure of a hyperthermophilic archaeon [Linden et al. , J. Biol.
Chem. 2003, 278, 9875 ± 9884] . The structure has been used for
comparative analyses with a representative set of three �-amylases
from thermophilic, mesophilic and psychrophilic sources to identify
molecular parameters for environmental adaptation. Our analysis

supports generally observed trends such as an increase in structural
compactness as well as an increase in salt bridges in order to cope
with high-temperature conditions. The two representative thermo-
philic structures used in this comparative study have independently
evolved di-metal centres–not present in the mesophilic and
psychrophilic structures–in the vicinity of the active site. These
observations may provide impetus for the design of �-amylases
with improved molecular properties to enhance their utility in
biotechnological processes.

Introduction

The categorisation of archaea as the third domain of life, the first
two being bacteria and eukarya,[1, 2] has dramatically changed
the classification scheme of microorganisms. The extreme
environmental habitats of members of the archaea domain
and their apparent closer relation to eukaryotes than to bacteria
has sparked much interest in the isolation and study of these
organisms. These extreme conditions include high temperatures
and extremes of pH, redox potential and salinity. Several
hyperthermophilic archaea and bacteria that grow at temper-
atures above 80 �C have been isolated and characterised.[3] In
order to contend with, and possibly to take advantage of, such
extremely high growth temperatures, these organisms have
evolved mechanisms for increased intrinsic thermostability of
cellular components such as proteins and nucleic acids. Some of
the enzymes originating from organisms living under extreme
environmental conditions exhibit remarkable stability against
detergents and proteolytic digestion,[4, 5] making them potential
targets for industrial applications such as the polymerase chain
reaction (PCR) or in the food and textile industries.[6±10] As such,
there has ensued intense interest in the identification of factors
influencing the thermostability of proteins, with the potential to
enhance our understanding of the evolutionary adaptations to
specific environmental conditions.

One of the most important tools used to investigate the
molecular basis of protein thermostability is direct comparison
of the molecular structures of corresponding proteins from
different organisms, thereby allowing attributions of measured
differences to environment adaptations rather than to differ-
ences in function. The increasing availability of X-ray structures
of proteins from extremophilic organisms, ranging from psy-
chrophilic to hyperthermophilic living conditions, has allowed
several comparative studies to infer the contributions of differ-

ent factors to thermostability by computational, genetic engi-
neering and a variety of biophysical methods.[11, 12] Numerous
attempts to provide statistical models to uncover the signifi-
cance of observed property changes have been made.[13±16] With
the aid of these criteria, the search is underway to assess
molecular parameters–such as the frequency of salt bridges,
surface polarity and structural compactness–that generally
undergo significant alterations in response to specific environ-
mental conditions.[14] Other quantifiable molecular parameters
such as the presence of disulfide bridges, metal centres and
oligomeric assemblies may differ with respect to their presence
or absence in specific protein families.

Thanks to their widespread occurrence and potential applica-
tion in large-scale biotechnology processes, class-13 �-amylases
represent the most thoroughly studied family of proteins with
respect to their function and structure.[17, 18] In this contribution
we compare environmentally sensitive structural properties of a
limited set of four members of this family. We use the recently
determined crystal structure of the first archaeal �-amylase from
the hyperthermophile Pyrococcus woesei as reference,[19] to
extend previous comparative studies that focused on functional/
structural data of the �-amylases from the psychrophile Alter-
omonas haloplanctis[20] and the hyperthermophilic bacteria
Bacillus licheniformis and its mesophilic homologue Bacillus
amyloliquefaciens.[21±23] A specific aim of this contribution is to
identify �-amylase-specific adaptations to contend with hyper-
thermophilic conditions.
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Results and Discussion

Selection of �-amylase structures

According to a recent release of the Protein Data Bank (July 15,
2003; pdb.org) and the CAZY server (July 2003; afmb.cns-
mfrss.fr/CAZY), there are currently 35 available nonredundant
class-13 �-amylase structures, while there are 58 nonredundant
�-amylase structures, including those from other classes. Thus,
most of the known �-amylase structures belong to the class-13
family. These proteins share a common central catalytic (��)8-
barrel domain A, which is flanked by the two noncatalytic
domains B and C. Since a comprehensive comparative structural
analysis of all known �-amylase structures is beyond the scope of
this contribution, we chose to restrict our analysis to a limited,
yet representative set of four crystal structures that have been
determined at resolutions of at least 2.0 ä. These are the �-
amylase structures from the thermophile Bacillus stearothermo-
philus (BSTA, PDB: 1HVX), the mesophile Hordeum vulgare (HVA,
PDB: 1AVA), and the psychrophile Pseudoalteromonas haloplanc-
tis (PHA, PDB: 1G94). The recently solved structure of the �-
amylase from P. woesei (PWA, PDB code: 1MXG) has been used as
reference. These proteins are found in organisms that grow at
temperatures ranging from less than 20 �C to 100 �C (Table 1).
Their structures superimpose with a root mean square deviation
of less than 2.5 ä and Q-scores (a function of the structural
alignment that takes both the rms deviation and the alignment
length into account) above 0.3 (Table 2). The corresponding
structure-based alignment is shown in Figure 1. The structure of
the hyperthermostable �-amylase from B. licheniformis (BLA,
PDB: 1BLI), which is closely related to the BSTA structure,
superimposes with a comparable Q-score. Therefore, most of the
conclusions drawn from BSTA are also applicable to BLA. The
following comparison focuses on surface/volume, salt bridges,
disulfide bridges and metal centres found in these four
structures.

Protein volume and surface

The amino acid sequences that form the visible portion of these
four �-amylase structures range from 400 to 480 residues in
length (Table 1). The overall volumes of their molecular struc-
tures are within the 35000 ±44000 ä3 range and generally
correlate with the sequence lengths (Table 3). However, the

calculated surface/volume ratios of these structures reveal that
the representative thermophilic structures (PWA, BSTA) are
considerably more compact, by approximately 10%, than their
mesophilic counterpart (HVA). Changes in the packing densities
of these structures are amplified by the number of cavities within
each structure (Table 4). For example, the mesophilic HVA
structure contains almost twice as many cavities (52) as the
hyperthermophilic PWA (28 cavities) one, accounting for about
twice the fraction of the relative structural volume (HVA: 6.61%;
PWA: 3.34%). In contrast with these results, the cold-adapted
amylase (PHA) has fewer cavities than the thermophilic one
(BSTA). Furthermore, comparison between PHA and its most
structurally similar mesophilic counterparts does not show any
significant differences in cavity volume,[16] indicating that there is
no apparent correlation between the number and volume of
cavities and thermostability throughout the family-13 glycoside
hydrolases. In terms of surface distribution of polar and apolar
atoms, the representative psychrophilic structure (PHA) appears
to be an outlier, with 50% of surface atoms being polar,
compared with 45 ±46% for those of the other three �-amylases.
Support for these trends from similar results from other protein

Table 1. Properties of �-amylases used for comparison.

Enzyme acronym PWA BSTA HVA PHA
Source P. woesei B. stearothermophilus H. vulgare P. haloplanctis

Thermostability
optimum growth of source [�C]: 97 ± 100 55 24 20 ±25
enzyme stability Stable at 98 �C[34] T1/2 (90 �C): 50 min[37] T1/2 (60 �C): 26 min[48] Tm� 44 �C[49]

classification hyperthermophile thermophile mesophile psychrophile

Structural parameters
PDB code 1MXG 1HVX 1AVA 1G94
no. residues 435 483 403 448
resolution [ä] 1.60 2.00 1.90 1.74

Table 2. Structural similarities.

Nalgn [%seq] PWA BSTA HVA PHA
Q-score rmsd [ä]

PWA ± 376 336 324
± 32 31 20

BSTA 0.46 ± 347 337
2.04 ± 27 20

HVA 0.52 0.40 ± 291
1.43 2.11 ± 20

PHA 0.33 0.32 0.31 ±
2.43 2.38 2.13 ±

Table 3. Accessible surface areas (ASAs) and volumes.

Enzyme Total ASA Polar ASA Total volume Surface/volume
[ä2] [ä2, %] [ä3] [ä�1]

PWA 15947 7331(46) 39941 0.40
BSTA 17519 8050(46) 43615 0.40
HVA 15002 6692(45) 35601 0.45
PHA 16475 8245(50) 38686 0.43
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Figure 1. Structure-based sequence alignment of �-amylase sequences, from the coordinates of the PWA, BSTA, HVA and PHA structures (see Methods). The secondary
structure assignments are taken from the PWA structure.[19] The colouring scheme for domains A, B and C is cyan, magenta and orange, respectively. Helices are shown as
cylinders, and �-strands are displayed as arrows. Residues involved in ion pairs are highlighted in blue, and those that are structurally conserved in at least three
structures are shown in red. Cysteines are highlighted in yellow.
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families gives credence to the notion that they represent general
features of �-amylase structures.[16, 24] These observations are
further validated by a recent engineering experiment in which
the thermostability of BLA was increased considerably by
converting a number of polar surface residues into apolar
ones.[23] The crystal structure of the BLA mutant protein (PDB
code: 1OB0) revealed that changes leading to an increase in the
surface hydrophobicity of the protein might be complemented
by improvements in the hydrophobic packing microenviron-
ments near or at the protein surface. This may explain, in part,
the apparent discrepancy between these data and those from
previous engineering experiments.[25]

Salt bridges and salt bridge clusters

Comparative analysis of the four �-amylase structures reveals
that, in general, an increase in the number of salt bridges is
associated with an increase in the thermostability of the protein.
Use of a subset of salt bridges believed to have a high impact on
thermal stability (maximum distance, 3.5 ä; surface exposed salt
bridges only)[13] indicates that the normalised ratio of salt bridges
is over twice as high in BSTA as in PHA (5.0 and 2.2, respectively;
see Table 5). These differences were most pronounced in the
thermophilic BSTA and the psychrophilic PHA structures (Fig-
ure 2, Table 5), less dramatic differences being noted between
the PWA and HVA structures. Overall, the data support a
statistically significant positive correlation between an increase
in the number of salt bridges and protein thermostability.[13, 14, 16]

However, recent experimental and statistical data have provided
support for the premise that the contributions of salt bridges to
thermostability are critically dependent on their local environ-
ment and may, in fact, be enhanced by the formation of salt
bridge networks.[13, 26] Further examination of certain salt bridges
found in the �-amylases currently under investigation was
undertaken in an effort to substantiate these findings.

The first example consists of the four-membered salt bridge
cluster located in domain A of PWA. This domain is formed by a
(��)8-barrel made up of an inner parallel �-barrel and an outer
parallel �-helical wheel. While the inner barrel is connected by a

continuous parallel �-sheet hydrogen network, the helices of the
outer �-helical ring are not connected by any systematic
interaction pattern. The helix ± helix interfaces originate from
helices that are topologically adjacent and equally separated by
25 ±40 residues in sequence, except for the interface formed by
the N-terminal helix �1 and the C-terminal helix pair �8a and
�8b, separated by about 300 residues. In a related (��)8-barrel
fold from phosphoribosyl anthranilate isomerase, a stabilising
salt bridge connecting helices �1 and �8 has been found in the
protein structure of a hyperthermophilic representative (T. mar-
itima), while being absent in the structure from the mesophile
E. coli.[27, 28] Indeed, the same interface of the (��)8-barrel
domain B of the PWA structure contains a four-membered salt
bridge cluster (Figure 3) involving two residues from �-helix 1
(K33, E36) and two residues from the �-helix 8a/�-helix 8b
segment (E318, K323). These four residues form a ring-like ion
pair network in PWA, and according to the criteria of Xiao and
Honig (1999),[13] this cluster should have a strong stabilising
potential. Our comparison reveals that the complete cluster is
not found in any of the other �-amylase structures. While in the
mesophilic HVA structure there is still one salt bridge connecting
helices �1 and �8b, matching the PWA-pattern (D28, K331), only
one unrelated salt bridge cluster (E19, R338; E19, H337) is found
in the same interface of the psychrophilic PHA structure. In this
latter structure, however, the �-helix 8a/�-helix 8b segment is
preceded by a 30-residue hydrophilic loop (Figure 1), which may
confer a different function on this salt bridge. In the thermophilic
BSTA structure, the �1 ±�8 interface is devoid of any salt bridges.
However, the overall high number of salt bridges found in BSTA
may indicate in general that it may have acquired its observed
thermostability independently (Table 5). Although the precise
molecular basis for the involvement of the PWA salt bridge
cluster in PWA hyperthermostability so far remains elusive, there
is speculation with respect to its role in PWA folding. If this ion
pair cluster is formed in the early stages of the folding process,
leading to a ring-like precursor fold, the entropic cost of
associating structural elements at remote locations in the amino
acid sequence would be reduced, leading to temperature-
dependent relative energetic stabilisation of the folded state

Table 4. Number and volumes of cavities in �-amylases.

Enzyme Total no. cavities Total volume of cavities Total area of cavities Total protein volume Total volume cavities/protein
[ä3] [ä2] [ä3] [%]

PWA 28 936.57 1541.27 46200 3.34
BSTA 44 1466.32 2395.25 50730 4.72
HVA 52 1698.69 2750.44 41550 6.61
PHA 38 1181.87 1902.74 44800 4.25

Table 5. Salt bridges �4.0 (�3.5 ä).

Name Total number
of salt bridges

Salt bridges
per residue [%]

Number of surface
salt bridges

Surface salt bridges
per residue [%]

PWA 33 (26) 7.6 (6.0) 22 (16) 5.1 (3.7)
BSTA 40 (35) 8.3 (7.2) 25 (24) 5.2 (5.0)
HVA 28 (22) 6.9 (5.5) 21 (14) 5.2 (3.5)
PHA 24 (20) 5.3 (4.4) 13 (10) 2.9 (2.2)
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with regard to the suggested precursor state. In fact, a disulfide
bridge-containing analogue of phosphoribosyl anthranilate
isomerase (��)8-barrel from yeast, producing a ring-like structure
of the unfolded state, did lead to a stabilisation of the folded
state.[29]

The second example involves salt bridges found in the vicinity
of the conserved �-amylase calcium site.[30] In the structure of
PWA, helix �3 of the (��)8-barrel domain A is split into two parts
separated by a short loop. This loop is consistently found in the
sequences of the archaeal Thermococcales order, but is not
present in the sequences of the other three �-amylase structures
used for comparison. The first residue of this loop (K178) is
involved in a salt bridge with D210 from helix �4 (Figure 4). In
the thermophilic BSTA structure, there is a salt bridge in a similar
position (K216, D246). In contrast, in the HVA and PHA structures,
there is no salt bridge connecting these two helices. In addition,
in PWA, there is a salt bridge connecting the helix �3a and the
loop connecting domains A and B (E150, K169), while in BSTA a
similar salt bridge (E210, H160) connects helix �3 and the 310-
helix preceding the fourth �-strand of domain B. Again, no
comparable ion pair is present in the other two �-amylase
structures. It is notable that both salt bridges (K178 ±D210;

E150 ±K169) link sequence elements in proximity to the PWA-
specific (Ca, Zn) metal binding site, possibly contributing to its
structural integrity and stability, which appears to be a major
determinant of thermostability in �-amylases (see below).

The third example of a salt bridge involves a specific structure
in the N terminus of PWA, not found in the other three �-amylase
structures compared here (Figure 5). This region includes an ion
pair cluster formed by the N-terminal amino groups of A1, E5, E7
and K102. More specific interactions to other parts of PWA are
provided by K2 and E8. A similar salt bridge is found in
Thermotoga maritima indoleglycerol phosphate synthase
(tIGPS), fixing the N terminus to the protein core and thereby
stabilising the overall structure.[27]

Cysteines

The sequences of the four �-amylases compared in this
contribution contain one to eight cysteines, with no apparent
association between this number and their observed thermo-
stabilities (Table 6, Figure 6). In the PWA structure, four of the five
cysteine residues are involved in disulfide bridges.[19] The C153±
C154 bridge is located in domain B in the vicinity of the PWA-

Figure 2. Salt bridge distribution in the �-amylase structures PWA (A), BSTA (B), HVA (C) and PHA (D) (cf. Table 5). Those residues involved in salt bridges and conserved
in at least three structures are in red, others are in blue. The positions of the metal centres are depicted by green (Ca) and orange spheres (Zn). The domain structure of
PWA (A, B, C) is indicated and is similar to that of the other �-amylase structures used for comparison.
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specific (Ca, Zn) di-metal binding site. It crosslinks two
neighbouring residues, a rare feature in protein
structures. The second disulfide bridge is located in
domain C. The only cysteine (C166) not involved in
disulfide bridge formation serves as one of the
coordinating ligands of the PWA (Ca, Zn) metal binding
site. Primary sequence analysis revealed that, while the
two cysteines contributing to the disulfide bridge in
domain C are conserved among archaeal Thermococ-
cales sequences (but not in other �-amylase sequen-
ces), the disulfide bridge between C153 and C154 and
C166 is found only in some members of the order
Thermococcales (data not shown). In a previous site-
directed mutagenesis study, while the contribution of
the first four cysteines to thermostability was found to
be insignificant, replacement of C166 by serine none-
theless led to loss of thermostability,[31] indirectly
suggesting a role of the (Ca, Zn) di-metal site in
thermostability (see below). On the other hand, the
only cysteine found in the BSTA sequence would be
expected to be deprotonated, and as such appears to
be a major cause for thermal inactivation under high-
pH conditions,[32] While all eight cysteines in PHA are
involved in disulfide bridge formation, no disulfide
bridges are found in the HVA structure.

Overall, comparison of the four �-amylase structures
reported on in this contribution reveals no apparent
association between disulfide bridge formation and
protein thermostability. Although the presence of
disulfide bridges may provide an entropic advantage
in protein folding,[33] cysteine and/or cystine residues
are particularly prone to chemical degradation at high
temperatures.[33] In specific cases such as, for example,
the involvement of C166 in metal binding in PWA, the
presence of cysteines may contribute to thermal
stabilisation.

Specific two-metal centres as markers for
thermostability

The known class-13 �-amylase structures share a
common calcium binding site located in the interface
of domains A and B in close proximity to the active site
(Figures 4 and 7). This site appears to be essential for
structural integrity and catalytic activity of the pro-
tein.[18] The coordination geometry of this calcium site

Figure 3. Ion pairs between helix �1 and helix �8 of the (��)8-barrel domain A. A: PWA.
B: BSTA. C: HVA. D: PHA. In PWA, there is an ion pair cluster formed by two negatively charged
and two positively charged residues; the same residues are shown in the other three
structures. Their carbon backbone appears in yellow if engaged in equivalent salt bridges,
otherwise in grey. Structurally unrelated salt bridges are in green. Ion pairs with distances
�4 ä are shown by dashed lines.

Figure 4. Active site and metal binding site stabilisation by salt bridges in PWA (A), BSTA (B),
HVA (C) and PHA (D). Carbon atoms from side chain residues forming salt bridges are
coloured yellow. Those involved in active site substrate binding and metal coordination are in
orange and grey, respectively. For the sake of clarity, not all active site and metal binding site
residues are depicted. Bound ions are shown in green (calcium), dark grey (sodium) and
orange (zinc). The ribbon colours are as in Figure 1.

Table 6. Number of cysteines and disulfide bridges.

Name Total number
of cysteines

Number of
disulfide bridges

Specific functions

PWA 5 2 C166: binding
to (Ca, Zn) site

BSTA 1 0
HVA 3 0
PHA 8 4
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is highly conserved in �-amylases, irrespective of their origin.
However, while the calcium ion is pentacoordinated by protein
residues in the structures of PWA, BSTA and HVA, in the cold-
adapted PHA structure, only four protein ligands bind calcium.

In addition, representative thermophilic and mesophilic/
psychrophilic structures exhibit important differences with
respect to the presence of a second metal binding site close
to the conserved calcium binding site. In PWA, the second
site is occupied by zinc, as shown by X-ray crystallography
and PIXE analysis (Figure 7a).[19, 31] Replacement of one of its
ligands (C166) leads to loss of PWA hyperthermostability.[31]

Treatment with compounds such as DTT or EDTA at room
temperature does not lead to significant reductions in the
catalytic activity and hyperthermostability of PWA, indicat-
ing tight binding of the two metal ions.[19, 31] These data may
also provide an explanation as to why PWA, unlike many
other �-amylases, does not require the addition of exog-
enous calcium for full catalytic activity.[34, 35]

A different type of di-metal centre has been observed in
the structures of BLA and BSTA, in which second calcium
ions are found at distances of 8.5 and 8.7 ä, respectively,
from the conserved calcium binding site (Figure 7b). In
contrast to the di-metal (Ca, Zn) site in PWA, the (Ca, Ca) site
in BSTA and in BLA is bridged by a sodium ion.[36, 37] This site
was first postulated to play a role in the thermostability of
BLA, and this was later confirmed experimentally.[23, 36, 38]

Comparison of the di-metal
centres in PWA and BSTA (Fig-
ure 7e) reveals that they appear
to have evolved independently.
Both di-metal centres are highly
sequence-specific and are found
only in thermostable close homo-
logues, indicating late emer-
gence. The presence of the highly
conserved calcium binding site
supports the idea of a common
origin for all family-13 amylases.
The second metal binding site
present in some thermostable �-
amylases prompts the assump-
tion that an evolutionary process
for environmental adaptation has
evolved �-amylases containing a
structurally similar di-metal centre
with different metal specificities.
This argument is further support-
ed by the absence of this second
binding site in the mesophilic/
psychrophilic �-amylase struc-
tures used for comparison.

Conclusion

Thanks to the abundance of func-
tional and structural data, class-13
�-amylases serve as good targets

for analysis of both general and specific molecular parameters
that may promote protein thermostability. This comparison,
restricted to four representative structures, supports previously
identified general trends, such as an increase in salt bridges to

Figure 6. Cysteines and disulfide bridges in PWA (A), BSTA (B), HVA (C) and PHA (D) (cf. Table 6). The metal ions are
coloured as in Figure 4. Cysteines and disulfide bridges are in yellow.

Figure 5. Anchoring of the N terminus and stabilisation of the N-terminal region by
salt bridges in PWA. The extended N terminus of domain A residues is in yellow.
Otherwise, the colouring Scheme of Figure 1 has been applied.
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improve thermostability. Our study also shows, through direct
comparison of representative bacterial and archaeal structures
(PWA, BSTA), that molecular parameters possibly contributing to
thermostability are not conserved across proteins from different
organisms living in an elevated-temperature environment.
Therefore, we postulate that thermal adaptation–at least in
these examples–may have emerged during late stages of
evolution, in contrast to protein function. The observation is
particularly true for the di-metal centres in the thermophilic PWA
and BLA/BSTA structures. Although they seem to serve the same
purpose–thermostabilisation of the active site architecture–
they have evolved independently, emerging into distinct (Ca, Zn)
and (Ca, Na, Ca) binding sites.

Computational methods

The Secondary Structure Matching (SSM) server of the
Macromolecular Structure Database (EBI-MSD at http://
www.ebi.ac.uk/msd-srv/ssm) was used for selection of
family-13 �-amylase structures. Structures were superim-
posed on the basis of the rotation and translation matrices
obtained by the SSM server and visualised with the program
PyMOL Molecular Graphic System, version 0.86.[39] The
resulting structural alignment was used for direct sequence
comparisons. Primary sequence alignment was performed
with WU-BLAST[40] (http://www.ebi.ac.uk/blast2).

The total volumes of the enzymes were calculated with the
aid of VOIDOO.[41] Structural cavities were identified and the
volumes were calculated with a probe radius of 1.4 ä by
using the CASTp server[42] (http://cast.engr.uic.edu/cast).
The solvent-accessible surface area/volume ratios were
calculated with the program GRASP,[43] with use of a probe
radius of 1.4 ä. HETATOM records and hydrogen atoms,
when present, were not used in these calculations. The
program GETAREA 1.1 was used[44] (http://www.scsb.utm-
b.edu/cgi-bin/get a form.tcl) to define and calculate the
solvent accessibility per residue used in the assignment of
solvent exposure of salt bridges. The distribution of apolar
and polar accessible surface areas (ASA) was calculated with
aid of the program Sracer,[45] with use of a probe radius of
1.4 ä.

The overall number of salt bridges was calculated by using
the protein verification tools of the WHAT IF suite 5.0,
WHAT CHECK.[46] Salt bridges were categorised as solvent-
exposed through application of a previously published
scheme.[47] Each salt bridge formed by two side chain
residues with more than one charged atom involved was
counted only once.

Keywords: �-amylase ¥ glycoside hydrolase family-13 ¥
metal binding ¥ salt bridge ¥ thermostability
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