
α-Amylases belong to the glycoside hydrolase family
13 (GH13) that together with glycoside hydrolase families
70 and 77 constitute clan H of glycoside hydrolases (GH-
H).1) GH-H contains approximately 30 different enzyme

specificities acting in hydrolase and transglucosidase reac-
tions on α-1,4 and ／ or α-1,6-glucan and α-glucoside
substrates.2) The three-dimensional structures of α-
amylases mostly contain three domains; domain A, a (β／
α)8-barrel; domain B a small protruding loop situated be-
tween β-strand and α-helix 3 in the (β／α)8-barrel; and do-
main C, a C-terminal anti-parallel β-sheet composed of 5―
10 strands. The substrate binding site is made from resi-
dues of domains A and B and the three acid residues in-
volved in catalysis are situated at the C-terminal ends of
β-strands 4, 5 and 7.2) These three catalytic residues are the
only invariant residues in GH-H.3) A few new complexes
between amylolytic enzymes and substrates or substrate
analogues have been recently published.4,5) These struc-
tures provide novel insight in particular with respect to
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Abstract: Barley α-amylase binds sugars at two sites on the enzyme surface in addition to the active site.
Crystallography and site-directed mutagenesis highlight the importance of aromatic residues at these surface
sites as demonstrated by Kd values determined for β-cyclodextrin by surface plasmon resonance and for
starch granules by adsorption analysis. Activity towards amylopectin and amylose follows two different ki-
netic models, degradation of amylopectin being composed of a fast and a slow component, perhaps reflecting
attack on A and B chains, respectively, whereas amylose hydrolysis follows a simple Michaelian kinetics. β-
cyclodextrin binding at surface sites inhibits only the fast reaction in amylopectin degradation. Site-directed
mutagenesis and activity analysis, furthermore show that one of the surface binding sites as well as individual
subsites in the active site cleft have distinct roles in the multiple attack on amylose. Although the two
isozymes AMY1 and AMY2 share ligands for three structural calcium ions, they differ importantly in the ef-
fect of calcium on activity and stability, AMY1 having the higher affinity and the lower stability. The role of
the individual calcium ions is studied by mutagenesis, crystallography and microcalorimetry. Further im-
provement of recombinant AMY2 production allows future direct mutational analysis in this isozyme. Specific
proteinaceous inhibitors act on α-amylases of different origin. In the complex of barley α-amylase／subtilisin
inhibitor (BASI) with AMY2, a fully hydrated calcium ion at the protein interface mediates contact between
inhibitor residues and the enzyme catalytic groups in a manner that depends on calcium and which can be
suppressed by site-directed mutagenesis of Glu168 in BASI. Finally certain inhibitors and enzymes are targets
of the disulphide reductase thioredoxin h that attacks a specific disulphide bond in BASI and, remarkably, re-
duces two different disulphide bonds in the barley monomeric and dimeric amylase inhibitors that both be-
long to the CM-proteins and inhibit animal α-amylase.
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details at atomic resolution of the enzyme substrate inter-
actions throughout long substrate binding clefts as well as
on the binding of carbohydrate at secondary sites on en-
zyme surfaces.4) One especially important functional prop-
erty related to these recent complexes is the enzymatic ac-
tivity on polysaccharide substrates. Information on the
mode of action on these substrates is currently obtained
from a combination of enzyme kinetics and substrate pro-
file analysis. Special themes include the degradation of
the polysaccharide by a multiple attack mechanism and
the determination of the degree of multiple attack
(DMA)6) as well as subsite mapping of individual affini-
ties of substrate binding subsites and relation with the fine
structural details of the binding cleft (Kandra et al ., sub-
mitted).

Mutational analysis has become a very powerful and
widely utilized approach in the determination of func-
tional roles of specific binding subsites7―10) or secondary
binding sites situated on the enzyme surface.11) One objec-
tive, however, remains to combine the above types of in-
formation to advance toward a profound understanding of
the interplay between amylolytic enzymes and macro-
molecular substrates. A separate facet includes the attack
on insoluble substrates such as starch granules isolated
from natural sources or other forms of insoluble starch or
amylose. Finally, in the interaction with polysaccharides
certain enzymes benefit from auxiliary carbohydrate bind-
ing modules that have particularly high affinity and speci-
ficity for starch and related sugars. The characterisation of
the interaction of such modules with polysaccharide sub-
strates and their exploitation in tailor-made enzyme fusion
proteins with novel functionalities currently presents a
highly efficient tool for enhancing the action of α-
amylases. Although barley α-amylase, in addition to the
active site, has two surface carbohydrate binding sites
which are involved in binding onto starch granules, it has
thus been possible by aid of fusion with a starch binding
domain (SBD) to greatly increase both the rate by which
the barley α-amylase releases soluble products from bar-
ley starch granules and the efficiency of the degradation.12)

In order to facilitate investigation of the role of iso-
zyme specific structural differences in the 80% sequence
identical isozymes 1 and 2 (AMY1 and AMY2), it would
be an advantage to have access to suitable expression sys-
tems for both of the corresponding genes. However, for
more than a decade this type of investigation has been
limited because AMY2, which is the major isozyme in the
germinating seed, is only obtained in small amounts in re-
combinant form by heterologous expression in the yeasts
Saccharomyces cerevisiae and Pichia pastoris.13,14) Very
recently, however, insights into the relation between a
specific part of the AMY2 sequence and the poor yield of
recombinant protein, obtained through isozyme chime-
ras,15―18) allowed design of a semi-rational combinatorial
protein engineering experiment. Combinatorial exchange
of AMY2 residues in the sequence stretch implicated to
be responsible for the low expression, by the correspond-
ing AMY1 residue and screening for expression of active
enzyme secreted by S. cerevisiae colonies in plate assays
resulted in AMY2 variants with improved expression
compared to AMY2 wild-type.19) For subsequent site-di-

rected mutagenesis in AMY2 and production of AMY2
mutants, the host P. pastoris will be used.

Most α-amylases depend on calcium ions for activity
and stability and share a structural calcium ion situated in
the three-dimensional structure in the near vicinity of the
catalytic site. Many α-amylases also contain additional
calcium, sodium or chloride ions. Binding of the con-
served Ca2+ ion is suggested to be irreversible in the sense
that if removed e.g. by reaction with a chelator, the integ-
rity of the protein structure is weakened to an extent
where it cannot be reconstituted by addition of the ion in
question. In the barley α-amylases three structural calcium
ions are present.20,21) They superimpose perfectly in AMY1
and AMY2 and also share all protein ligands. Calcium,
however, has distinctly different effects on stability and
enzymatic activity of AMY1 and AMY2 and the
isozymes, therefore, represent a unique source to under-
stand structural features that modulate the impact of cal-
cium on the behaviour of α-amylases. AMY1 and AMY2
show a number of other functional differences one of
these being the sensitivity of AMY2 to the endogenous
proteinaceous inhibitor barley α-amylase／subtilisin inhibi-
tor (BASI), present in the mature seed and hence during
germination.22)

The AMY2／BASI complex depends on a fourth cal-
cium ion and represents just one of five known types of
α-amylase／α-amylase inhibitor complexes involved in
regulation of α-amylase activity.23―25) Noticeably α-amy-
lases of mammalian, insect, plant and microbial origin are
inhibited by proteins from a variety of structural families
and both biochemical analysis as well as crystallography
of different α-amylase／inhibitor complexes reveal their di-
verse mode of action.26) An additional type of regulation
which might be important is mediated by special regula-
tory proteins that in turn react with the α-amylase inhibi-
tors. BASI, for example, interacts with barley thioredoxin
h that catalyses the in vitro reduction of primarily one of
the two disulphide bonds present in BASI.27) Such protein
networks will be addressed in the future in relation to un-
derstanding the biological systems represented by germi-
nating seeds.

Secondary surface binding sites in AMY1 and AMY2.
Very early, a site on the surface of AMY2 that con-

tained Trp276-Trp277 was identified to bind β-cyclodex-
trin by using differential labelling of tryptophanyl side
chains accessible to chemical modification and identifica-
tion of modified and protected residues by peptide finger-
printing and sequence analysis.28) This surface site was
subsequently observed in the crystal structure of the AMY
2／acarbose complex to accommodate two rings defined
from bound acarbose, a pseudotetrasaccharide inhibitor.20)

A few years ago a new surface site for GH13 was discov-
ered, in this case in AMY1.21) The central residue was
Tyr380 around which the bound oligosaccharide adopted
a half-circle conformation. Although Tyr380 and many
other residues in its near vicinity are conserved in AMY2,
sugar binding to the corresponding area was never ob-
served in AMY2 crystal structures. The site was named
“a pair of sugar tongs,”since Tyr380 moves more than 3

A°upon oligosaccharide binding at the site (Fig. 1).21)
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In order to study the importance of the“sugar tongs”
site, a mutational analysis was designed in which Tyr380
and adjacent residues were replaced. These AMY1 mu-
tants were subsequently analysed for enzymatic properties
towards the usual substrates; 2-chloro-4-nitrophenyl β-D-
maltoheptaoside; amylose DP17 and DP440; and insoluble
Blue Starch. The affinity for β-cyclodextrin was measured
using surface plasmon resonance analysis and for barley
starch granules using an assay in which the dissociation
constant was calculated from the ratio of bound／unbound
enzyme after incubation with the starch granules at low
temperature. Recently, the“sugar tongs”site was also
demonstrated by protein crystallography to bind β-
cyclodextrin (Tranier, Aghajari, Haser, Mori and Svensson
unpublished results). Among the analysed“sugar tongs”
mutants Y380A and Y380M AMY1 both showed 7 fold
lower affinity for β-cyclodextrin and Y380A was found to
reduce affinity for barley starch granules by more than
one order of magnitude. For both of these mutants activity
was modestly, albeit significantly affected. In contrast,
when the AMY2 residue proline was replacing Ser378AMY1

at the only remarkable sequence variation between AMY1
and AMY2 in the vicinity of Tyr380, the AMY2 mimic
S378P AMY1 did not loose affinity towards β-
cyclodextrin or starch granules. Recent mutation in
AMY1 of the first identified surface site Trp278Trp279,
which also binds carbohydrate in the crystal structures of
AMY1, was found to decrease the affinity for starch gran-
ules. The binding is currently analysed for a series of mu-
tants at this site as well as for multiple-site mutants com-
bining both this and the“sugar tongs”site.

Action on polysaccharide substrates.
High molecular mass amylose of DP 440 was previ-

ously used to investigate the mode of action of AMY1
and AMY2 towards un-branched polysaccharides. It was
found that similarly to some other α-amylases, AMY1
and AMY2 degrade amylose DP440 by a so-called multi-
ple attack mechanism.6) In this mode of action the initial

endo-action and hydrolytic cleavage of the substrate chain
is followed by release of one of the polymeric products,
whereas the other product remains bound to the enzyme.29)

A relocation of this product in the active site, results in
the formation of a new productive complex, from which
this time predominantly shorter maltodextrins and -oligo-
saccharides are released, the major product being malto-
heptaose. In an attempt to gain insight into the role of
specific enzyme residues in the substrate-binding cleft in
the multiple attack mechanism, a series of mutants at sub-
sites along the entire binding site―presumably extending
over 10 binding subsites, i.e. , 6 or 7 substrate glycone
binding subsites and 2―4 aglycone binding subsites―were
studied.6) Surprisingly, although the measured degree of
multiple attack (DMA) of the various AMY1 mutants var-
ied from 1 to 3.3 compared to wild-type AMY1 having a
DMA of 1.9, the oligosaccharide product profiles from
these mutants retained maltoheptaose as the predominant
product, while small albeit clear changes occurred in the
distribution of some of the less prominent products of DP
1―5. It was proposed therefore that the multiple attack
mechanism was associated with structural features found
outside the substrate binding cleft. Possible candidates for
such sites in AMY1 are the two surface sites. Additional
support for the role in multiple attack of sites on the en-
zyme surfaces was obtained from the fusion protein AMY
1-SBD in which the C-terminus of AMY1 was coupled to
the starch-binding domain (SBD) from Aspergillus niger
glucoamylase via a linker sequence found naturally in the
latter enzyme.29) The AMY1-SBD thus has two extra sur-
face binding sites contributed by the SBD moiety30) and
showed increased DMA of 3.0, whereas the oligosaccha-
ride product profiles were very similar to those obtained
with wild-type AMY1, although the relative contents of
products of DP 8―10 slightly increased. In a preliminary
analysis, the DMA of the Y380A mutant was reduced
compared to the wild-type value, which supports the hy-
pothesis that binding of polysaccharide substrates at sec-
ondary surface sites could be important in the mechanism
of multiple attack on these substrates.

To further investigate the interaction between high mo-
lecular weight substrates and AMY1 and AMY2, the time
course of release of products was determined for amy-
lopectin and amylose. It was found that in a certain con-
centration range of amylopectin, the degradation could be
represented by bi-exponential kinetics, whereas that of
amylose followed a simple mono-exponential relationship.
Deconvoluting the individual rate constants towards the
two polysaccharides therefore gave an overlay of reactions
with a low and a high rate of hydrolysis for amylopectin,
while for amylose one fast reaction was identified. Re-
markably, addition of β-cyclodextrin decreased only the
fast component in the hydrolysis of amylopectin and in-
fluenced neither the rate of amylose nor the slow compo-
nent in the hydrolysis of amylopectin. It is speculated that
the earlier identified surface site with affinity for β-
cyclodextrin is involved in the fast reaction component in
the degradation of amylopectin. Perhaps this is an effect
of attaching the enzyme to the polysaccharide and facili-
tating action on a special category of substrate bonds, for
example those found in the outer A chains in the structure

Fig. 1. Surface binding sites of AMY1.

The crystal structure of the inactive catalytic nucleophile utant
D180A AMY1 with maltoheptaose bound in the active site cleft
and to surface binding sites where only glucose rings with good
electron density are shown (Ref. 4). The three residues at the cata-
lytic site are shown in pink, and Tyr380 at the“sugar tongs”sur-
face binding site as well as the two residues Trp278 and Trp279 in
the starch granule binding site are shown in yellow. The three
green solid spheres represent the Ca2+ ions.
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of the amylopectin molecule. The elaborate kinetics analy-
sis will be extended to include surface site mutants.

Development of efficient heterologous expression and
production of recombinant AMY2.
One serious impediment in structure／function relation-

ship investigation of barley α-amylases has been low
yields of recombinant AMY2 obtained in the yeast ex-
pression systems that work well for AMY1. This has been
a particular concern since in germinating barley seeds the
content of AMY2 exceeded that of AMY1 by more than
an order of magnitude.31) It thus has been practically im-
possible to investigate this major isozyme by mutational
analysis in combination with protein structure determina-
tion. In a very early attempt to counteract this problem,
isozyme chimeras were generated by in vivo homologous
recombination in S. cerevisiae.15―18) The yields of recombi-
nant AMY1／AMY2 chimeras were found to increase with
the segments size of the N-terminal AMY1 component in
the obtained chimeras that contained varying lengths of
the domain A barrel and the domain B from AMY1 and
had the remaining C-terminal segments from AMY2.
These chimeras allowed mutational analysis of the roles
of specific residues in domain B AMY2 for example in
the strict target isozyme specificity of BASI for AMY2
connected with Arg128.18)

This relationship between the length of the AMY1 parts
and the yields of recombinant protein recently inspired the
development of an AMY2 variant through a combinatorial
approach in which 10 AMY1 positions were allowed to
replace the corresponding positions in the N-terminal part
of AMY2 (Fig. 2).19) The goal was to obtain a variant of
AMY2 which behaved essentially as the wild-type iso-

zyme with respect to stability and enzyme activity, but in
which the sequence patch postulated to suppress its het-
erologous production in yeast was modified. For this pur-
pose a degenerate oligonucleotide gene shuffling (DOGS)
method was used, which is characterised by resulting in a
low frequency of parent genes and a high recombination.
Six AMY2 variants were obtained which represented 6 of
the 10 positions targeted for substitution by the corre-
sponding AMY1 residue. These variants were then pro-
duced and characterised and only one, A42P AMY2, ful-
filled the criteria of maintained AMY2 enzymatic proper-
ties. The corresponding mutant gene was transferred to
and expressed in P. pastoris14) to increase the amounts of
recombinant protein and indeed rather than wild-type
AMY2 being produced at about 1 mg／L induction cul-
ture, 60 mg／L A42P AMY2 was obtained.19) It has been
the experience that certain AMY1 mutants and isozyme
chimeras were produced in significantly lower amounts
than the wild-type, but this newly achieved AMY2 A42P
expression level avoids such reduction in yields caused by
mutations and this variant is therefore suitable for protein
engineering experiments addressing AMY2 properties.18)

The expression system will shortly be employed for muta-
tional analysis in A42P AMY2 of the putative“sugar
tongs,”as well as in various regions assumed to play a
role in substrate specificity and thought to be implicated
in calcium ion effects.

Role of calcium ions in AMY1 and AMY2 stability
and activity.
Crystal structures of barley α-amylases contain three

Ca2+ (Ca500, Ca501, Ca502) bound in domain B with all

Fig. 2. Engineering of AMY2 by DOGS.

Partial cDNA and amino acid alignments of AMY1 and AMY2
(A) and selected mutants (B) (Ref. 19). The variable amino acid
residues between AMY1 and AMY2 are shown in bold style and
arrows point to the sequence diversity achieved by DOGS. Resi-
dues of AMY1 origin are underlined.“h”and“s”indicate residues
part of α-helix and β-strand secondary structure. AMY2 enzymatic
properties and stability characteristics were achieved only for the
single mutant M6 (A42P) shown in grey italics, which in shake
flask cultivations resulted in 15 fold increase in production levels.

Fig. 3. Calcium binding sites in barley α-amylases.

The figure features a ribbon representation of domain B in AMY1
and AMY2 coloured according to the primary structure alignment
diversity with the consensus in blue, through higher temperature
colours with increased side chain diversity. As evident from the fig-
ure the vast majority of residues are conserved and there are only
minor differences shown in green and turquoise between the two
isozymes. The red small spheres are solvent ligands of Ca501, and
some protein ligands of the three Ca2+ are shown including the
common ligand Asp149 and the only domain A ligand Gly184 us-
ing AMY1 numbering for both ligands.
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of their 22 ligands except one, which is from domain A.
It is the conserved Ca500 site in α-amylases that has the
single ligand contributed by domain A (the carbonyl oxy-
gen of Gly184AMY1 or Gly183AMY2) (Fig. 3).20,21) Ca500 is
at a distance of 7 A° from another Ca2+ (Ca502) with li-
gands only in domain B, including the common ligand
with Ca500 (Asp149AMY1, Asp148AMY2). Ca501 has all
ligands coming from a short loop in domain B
(Phe108AMY1-Asp118AMY1) and has also two water mole-
cules as ligands. Activity and conformational stability of
AMY1 and AMY2 depend differently on Ca2+ even
though all Ca2+-ligands are shared. Previously, the effect
of Ca2+ on the stability was analysed by denaturation in
urea in the presence of CaCl2 or EDTA and AMY2 was
found to have the higher stability of the two isozymes.32)

To further analyse the role played by calcium the thermal
stability at a [Ca2+] range was monitored using differential
scanning calorimetry, indicating that AMY1 has higher
stability than AMY2 in the presence of stoichiometric
Ca2+, where only high affinity sites with KD values <10−8

M are essentially saturated. The difference in kinetic sta-
bility between AMY1 and AMY2 was far more pro-
nounced, and the rate of inactivation of AMY2 was much
faster than that of AMY1 in agreement with higher affin-
ity of AMY1 for Ca2+ (Fig. 4). The activity towards insol-
uble Blue Starch in the presence of Ca2+, Mg2+ and Na+

showed that AMY1 and AMY2 react differently in the
presence of these ions. It became clear from parallel ex-
periments that rather than the putative high affinity cal-
cium binding sites seen in the crystal structures, non-
specific effects of ionic strength and pH may alter the
charge distribution on the enzyme surface and elicit activ-
ity differences on insoluble Blue Starch.

Reactions involving α-amylases , α-amylase inhibitors
and thioredoxin h.
Binding of calcium ions is also of special importance

for the interaction between barley α-amylase／subtilisin in-
hibitor (BASI) and the target isozyme AMY2, since a

fully hydrated Ca2+ (Ca503) is located at the AMY2／BASI
interface and mediates the contact between inhibitor side
chains and catalytic groups of the enzyme.23―25) Remark-
ably, a Ca2+ is bound at the same position at the catalytic
site in AMY1／methyl 4´, 4´́ , 4´́ ´-thiomaltotetraoside com-
plex at the“sugar tongs”，21) albeit with a slightly different
coordination geometry. The complex formation of AMY2
and BASI was described using surface plasmon resonance
analysis which also facilitated studies of the effect of cal-
cium on the stability of the AMY2／BASI complex.24,25)

While increasing [Ca2+] from the low µM range to 20 mM

evidently stabilised the complex by an order of magni-
tude, the dependence of the stability on pH suggested that
a group in BASI of pKa around 6 participates in the bind-
ing to AMY2. The three-dimensional structure of the
AMY2／BASI pointed to Glu168 as an obvious candidate,
since this residue through hydrogen bonds with the mole-
cules in the water shell around Ca503 was indirectly in
contact with the enzyme. Indeed mutation of this residue
to glutamine showed both substantially reduced effect of
increasing [Ca2+] on the stability of the complex and sec-
ondly the E168Q BASI mutant had superior affinity for
AMY2 at <5 mM Ca2+ compared to BASI wild-type.25)

This latter property suggests that Glu168 weakens the
binding to AMY2 due to the weakened network of direct
and solvent-mediated hydrogen bonds centred around the
fourth calcium ion bound at the AMY2／BASI interface.
Further explanation of this weakening seems also to be
the electrostatic repulsion from the catalytic carboxyl
groups, which Ca503 on the protein interface screens and
hence this calcium contributes to stabilisation of the com-
plex.

In the germinating seeds the disulphide reductase thi-
oredoxin h33) is capable of reducing disulphide bonds in a
series of target proteins, including BASI as well as differ-
ent α-amylase inhibitors of the CM-protein family shown
to act on mammalian and insect α-amylases.27) In the case
of BASI, it has been demonstrated that one of its two di-
sulphide bonds, actually situated in the three-dimensional
structure in the vicinity of residues interacting with
AMY2 in the complex is particularly prone to reduction
by thioredoxin h. The second disulphide bond in BASI is
near the protease-binding site and seems to be only
slightly affected. It is not yet known if this reduction of
the disulphide bond actually is accompanied by loss of
the inhibitory activity of BASI, although it has been pro-
posed that these reactions contribute to the system of re-
actions that controls and regulates the action of α-
amylases and other amylolytic enzymes in mobilisation of
seed storage starch during germination.

Conclusion and prospects.
The insight into the action of α-amylases at the mo-

lecular level and the understanding of how these enzymes
tackle the degradation of the very different substrates they
act on in nature continues to progress rapidly. A highly
challenging area is that of the degradation of polysaccha-
rides which has fundamental importance in the natural
mobilisation in the seeds or leaves of starch for plantlet
growth and energy. This opens up a whole system of en-
zymes interacting with different specificity on α-1,4 and

Fig. 4. Kinetic stabilities of AMY1 and AMY2.

Thermal inactivation of AMY1 and AMY2 at 37°C in 10 mM

Hepes buffer pH 7.5 without any added Ca2+ and without treatment
with chelating agents. The data fitting conforms to a first order ki-
netics (straight solid and dashed lines) for determination of the in-
activation rate constants and half times.
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α-1,6 linkages in amylose and amylopectin as well as on
degradation products there of and which are also under
the influence of inhibitors and regulatory proteins. Indus-
trial processes and other commercial applications as well
may benefit from the improved insight into these conver-
sions of starch and related sugars. Ultimately the specific-
ity and multivalent substrate binding of the natural en-
zymes acting on natural substrates can guide rational de-
sign of engineered enzymes to achieve novel substrate
specificities, stability, sensitivity to regulation and recog-
nition of inhibitors as well as modulation by calcium ions
of these various properties.

This work was supported by grants from the FP 5 EU projects
GEMINI and GEGLYC, the Danish Natural Science Research
Council, the Danish Technical Science Research Council, The
Carlsberg Foundation, the Danish Research Agency, and the Centre
for Advanced Food Studies.

REFERENCES

1 ) http:／／afmb.cnrs-mrs.fr／CAZY／
2 ) E.A. MacGregor, S. Janecek and B. Svensson: Relationship of

sequence and structure to specificity in the α-amylase family
of enzymes. Biochim. Biophys. Acta , 1546, 1―20 (2001).

3 ) M. Machovic

＾

and S. Janecek: The invariant residues in the α-
amylase family: just the catalytic triad. Biologia , 58, 1127―
1132 (2003).

4 ) X. Robert, R. Haser, H. Mori, B. Svensson and N. Aghajari:
Oligosaccharide binding to barley α-amylase 1. J. Biol. Chem. ,
280, 32968―32978 (2005).

5 ) G.J. Davies, A.M. Brzozowski, Z. Dauter, M.D. Rasmussen, T.
V. Borchert and K.S. Wilson: Structure of Bacillus halmapalus
family 13 α-amylase, BHA, in complex with an acarbose-
derived nonasaccharide at 2.1 A°resolution. Acta Cryst., D61,
190―193 (2005).

6 ) B. Kramho／ft, K.S. Bak-Jensen, H. Mori, N. Juge, J. No／hr and
B. Svensson: Multiple attack, kinetic parameters, and product
profiles in amylose hydrolysis by barley α-amylase 1 variants.
Biochemistry, 44, 1824―1832 (2005).

7 ) T.E. Gottschalk, D. Tull, N. Aghajari, R. Haser and B. Svens-
son: Specificity modulation of barley α-amylase 1 by biased
random mutation of a tripeptide in β→α loop 7 of the cata-
lytic (β／α)8-domain. Biochemistry, 40, 12844―12854 (2001).

8 ) H. Mori, K.S. Bak-Jensen, T.E. Gottschalk, M.S. Motowia, I.
Damager, B.L. Mo／ller and B. Svensson: Modulation of sub-
strate binding mode by mutation of Met298 and Cys95 in bar-
ley α-amylase 1. Eur. J. Biochem ., 268, 6545―6558 (2001).

9 ) H. Mori, K.S. Bak-Jensen and B. Svensson: Barley α-amylase
Met53 situated at the high-affinity subsite −2 belongs to a sub-
strate binding motif in the β→α loop 2 of the catalytic (β／α)8-
barrel and is critical for activity and substrate specificity. Eur.
J. Biochem ., 269, 5377―5390 (2002).
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＊＊＊＊＊
〔質 問〕 鹿児島大 安部

1 ) Can Ca2+ be replaced with Mg2+ ion? (in the fluores-
cence titration study)

2 ) Have you replaced two glycines near Y380?
〔答〕

1 ) No we don’t think so, since the effect is not the same
for these two ions.

2 ) No we haven’t and this is a very good question. We
are also making other mutants in the sugar tongs bind-
ing site, these mutant proteins however are still under
characterisation and they do not include the glycines.

〔質 問〕 阪大 松浦
Your enzyme has two surface carbohydrate binding sites.

What happens when either one of them is deactivated?
〔答〕

In barley α-amylase 1 we are currently characterising site-
directed mutants at either the sugar tongs binding site or of
the two adjacent tryptophanyl residues in the surface binding
site on the catalytic domain, as well as double mutants ad-
dressing together these two surface sites. It is certain that the
aromatic groups mentioned in both of the surface binding sites
contribute to binding onto starch granules. We are not sure if
also the tryptophans at the surface site on the catalytic do-
main, however, are critical for binding β-cyclodextrin as meas-
ured by surface plasmon resonance analysis of the binding us-
ing the enzyme being biotinylated and bound to the
streptavidin-chip and the analyte, β-cyclodextrin, being used in
a wide concentration range.

〔質 問〕 江崎グリコ・生化研 栗木
Your idea pointing out the importance of the enzyme sur-

face is very interesting. Have you ever had any observations
that different substrate recognition under the different ionic
strength of the reaction mixture which may change the
substrate-binding of the enzyme at the surface?
〔答〕

No we haven’t done any systematic experiments on the ef-
fect of the ionic strength, but we are confident that there is an
effect on activity at e.g. different concentrations of calcium
ions, and that these effects presumably stem from electrostatics
properties of the protein surface rather than the three structural
calcium ions as identified by crystallography.
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