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Barley a-amylase bound to its endogenous protein inhibitor
BASI: crystal structure of the complex at 1.9 A resolution
Francois Valléel!, Anders Kadziolal*, Yves Bournel, Michel Juyl§,

Kees W Rodenburg?#, Birte Svensson? and Richard Haser18*

Background: Barley a-amylase is a 45 kDa enzyme which is involved in starch
degradation during barley seed germination. The released sugars provide the
plant embryo with energy for growth. The major barley a-amylase isozyme
(AMY2) binds with high affinity to the endogenous inhibitor BASI (barley
a-amylase/subtilisin inhibitor) whereas the minor isozyme (AMY1) is not
inhibited. BASI is a 19.6 kDa bifunctional protein that can simultaneously inhibit
AMY2 and serine proteases of the subtilisin family. This inhibitor may therefore
prevent degradation of the endosperm starch during premature sprouting and
protect the seed from attack by pathogens secreting proteases.

Results: The crystal structure of AMY2 in complex with BASI was determined
and refined at 1.9 A resolution. BASI consists of a 12-stranded B-barrel
structure which belongs to the B-trefoil fold family and inhibits AMY2 by
sterically occluding access of the substrate to the active site of the enzyme.
The AMY2—-BASI complex is characterized by an unusual completely solvated
calcium ion located at the protein—protein interface.

Conclusions: The AMY2-BASI complex represents the first reported
structure of an endogenous protein—protein complex from a higher plant. The
structure of the complex throws light on the strict specificity of BASI for
AMY2, and shows that domain B of AMY2 contributes greatly to the
specificity of enzyme—inhibitor recognition. In contrast to the three-
dimensional structures of porcine pancreatic a-amylase in complex with
proteinaceous inhibitors, the AMY2—-BASI structure reveals that the
catalytically essential amino acid residues of the enzyme are not directly
bound to the inhibitor. Binding of BASI to AMY2 creates a cavity, exposed to
the external medium, that is ideally shaped to accommodate an extra calcium
ion. This feature may contribute to the inhibitory effect, as the key amino acid
sidechains of the active site are in direct contact with water molecules which
are in turn ligated to the calcium ion.
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Introduction

Amylases are hydrolytic enzymes which are widespread
in nature, being found in animals, microbes and plants.
These enzymes are involved in the degradation of a-1,4-
linked sugar polymers, such as starch and glycogen, into
oligosaccharides. The germinating barley seed contains
two main isozymes of d-amylase, AMY1 and AMY2, both
of which are involved in starch degradation to provide
energy for the development of the plant embryo, as well
as an endogenous inhibitor BASI (barley 0-amylase/subtil-
isin inhibitor) [1-3]. While BASI has a high binding affin-
ity for AMY2, it does not inhibit AMY1, although this
isozyme is highly active during the initial hydrolysis of the
starch granule. BASI is a bifunctional protein also inhibit-
ing serine proteases of the subtilisin family [1]. BASI may,
therefore, have two roles: to prevent the endogenous AMY2
from hydrolytic attack on starch during premature sprouting

and to protect the seed against exogenous proteases pro-
duced by various pathogens and pests [4].

The effects of the endogenous inhibitor BASI on starch
hydrolysis have been studied under various conditions [5].
"The affinity of AMY2 for BASI is weakened with decreas-
ing pH levels from pH 8.0 to pH 6.0 [6], and increasing
ionic strength up to 200 mM [5]. The K of the inhibition
has been reported to be 2.2 x 10-1 M at pH 8 and 37°C
[6]. The results of inactivating chemical modification sug-
gested that a specific arginine residue on the surface of
BASI is critical for the inhibition of AMY2 [6]. A differen-
tial labeling experiment followed by sequence analysis
identified four arginine residues (Arg27p,qp, Arg1075441
Argl275 261 and Argl555,4p) to be protected against phenyl-
glyoxal modification in the AMY2-BASI complex, as com-
pared to free BASI [7]. As Arg27;,¢; is not conserved in
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Overall fold of the BASI molecule.

(a) Schematic fold of the BASI molecule
showing the three groups of the B strands, S1
to S4, S5 to S8, and S9 to S12, colored in
green, yellow and light blue, respectively. The
12 B strands identified are: S1,
Asn19-Ser24; S2, Leu33-Gly38; S3,
Arg41-GIn49; S4, Val60—Pro64; S5,
Val80—-Phe84; S6, His97—-11e98; S7,
Val108—-lle109; S8, Phe186—Lys130; S9,
Tyr139—-Cys144; S10, Cys148—Phel54;
S11, Phel63-Gly165; and S12,
Val173—Alal78. Blue dots indicate the
location of the four BASI arginine residues
that are important for AMY2 binding. Black
dots correspond to residues involved in direct
hydrogen-bonding interactions with AMY2.
(b) Ribbon diagram of the BASI structure;

[ strands of the B barrel and the hairpin loops
are shown in purple and blue, respectively.
(c) A view down the trefoil threefold
symmetry axis with the three groups of B
strands colored as in (a).

Structure

homologous inhibitors from different cereals and both
Argl075,g; and Argl27;,¢; Were only partially reactive,
and thus not fully exposed [7], we suggested that
Argl555,4; Was the essential Kinetically identified sensi-
tive amino acid residue involved in AMYZ inhibition.
"This suggestion turns out to be in agreement with the
present three-dimensional structure of the complex.
Moreover, stopped-flow kinetic studies revealed that the
AMY2-BASI complex results from a fast binding process
yielding a rather loosely bound intermediate followed by
a conformational change that tightens the complex [8].

The three-dimensional structures of several 0-amylases
have been solved, cither in the free form or in complex
with oligosaccharide or proteinaceous inhibitors: Taka-
amylase A from Aspergillus oryzae [9,10]; porcine pancreatic

a-amylase (PPA) [11,12]; AMY2 from barley [13,14];
human pancreatic a-amylase [15]; Bacillus licheniformis
O-amylase [16]; human salivary a-amylase [17]; the com-
plexes PPA—tendamistat [18] and PPA-0-Al (an a-amylase
protein inhibitor from the bean Phaseolus vulgaris) [19]; and
the psychrophilic a-amylase from Alferomonas haloplanctis
in its native form and in complex with an inhibitor [20].
The crystal structures of AMYZ have been determined by
X-ray crystallography in the native state, at 2.8 A resolu-
tion, [13] and in complex with the pseudo-tetrasaccharide
acarbose inhibitor [14]. AMY2 is a 403-residue single-
chain protein with three free cysteine residues. The
protein is folded into three distinct domains: a large
central domain (domain A) forming a classical (0/P)g
barrel of the type common among all known O-amylases,
many other amylolytic enzymes [21] and other proteins
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of unrelated function [22]; a protruding loop domain
(domain Bj; residues 89-152) structurally stabilized by
three calcium ions; and a five-stranded antiparallel B sheet
C-terminal domain (domain C).

BASI is a single-chain protein (181 residues) containing
two disulphide bridges at positions Cys44—Cys90 and
Cys144-Cys148. Sequence comparison has shown the exis-
tence of a very high degree of sequence identity between
the bifunctional plant inhibitors of barley (BASI) and
wheat (WASI) (92% identity), and to a lesser degree rice
(RASI) (58% identity) and the Kunitz family trypsin
inhibitors STI, WTT and E'TT (around 25% identity) [23].
The three-dimensional structure of WASI has been reported
in both its free state [24] and in complex with a serine pro-
tease, proteinase K [25].

Here we report the 1.9 A resolution X-ray structure of the
AMY2-BASI complex. The binding interface is character-
ized by a fully solvated calcium ion, which is not present
in the AMY2 structure [13,14]. The extensive informa-
tion obtained on the interface, the mode of action of this
O-amylase inhibitor, and its high specificity for AMY2 as
opposed to AMY1 are discussed.

Results and discussion

Structure of BASI

The BASI molecule displays the B-trefoil topology and
measures approximately 47 Ax39Ax27A (Figure 1),
thus resembling several other B-trefoil structures such as
those of WASI [24], interleukin 1a and B [26], histo-
lactophiline [27], fibroblast growth factors [28], monofunc-
tional trypsin inhibitors [23], and the ricin B chain [29].
The overall structure of the molecule shows an approxi-
mately threefold symmetry around the B-barrel axis. The
three repeated units each consist of about 60 residues and
contain four sequential (3 strands along with their connect-
ing loops [30]. The hydrophobic core of the six-stranded
B barrel is composed of B strands S1, S4, S5, S8, S9 and
S12, along with a total of 18 hydrophobic internal residues
which are essential to the stability of the fold. The
hydrophobic core is closed at one end of the barrel axis by
a triangular array consisting of the remaining 3 strands S2,
S3, S6, S7, S10 and S11 in a hairpin arrangement, as already
observed in Kunitz inhibitors and fibroblast growth factors
[31,32]. The four cysteine residues Cys44, Cys90, Cys144
and Cys148 form two disulfide bridges Cys44-Cys90 and
Cys144—Cys148, which are consistently present in the
known structures of the Kunitz family inhibitors (ETT,
WASI, STI) [23,24,33].

The AMY2-BASI complex interface

The AMY?2 active-site region, which forms a large V-shaped
depression on one side of the enzyme, involves the central
domain A and part of domain B (Figure 2). BASI binds
tightly to both of these domains, and its [-barrel axis is

Figure 2
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Overall view of the AMY2—BASI complex structure. (a) Ribbon
diagram of the complex; 3 strands and a helices in AMY2 are shown in
blue and red, respectively. AMY2 domain B and BASI are shown in
green and purple, respectively. The three structural calcium ions which
were previously observed in the AMY2 free structure [13] are shown in
blue, whereas the fully solvated interfacial calcium ion, not present in
free AMY2, is shown in dark blue. (b) Molecular surface representation
of AMY2, colored to show residues buried to a 1.4 A probe radius in
cyan, non-buried residues in grey, the non-buried AMY2 domain B in
green, and the AMY2 catalytic site in yellow. The backbone worm of
the BASI molecule is shown with the same color-code and orientation
as in (a). The interfacial calcium ion and the six liganded water
molecules are displayed as blue and red spheres, respectively. (Figure
generated using the program GRASP [63].)

roughly perpendicular to the direction of the AMY2 (0/B)s-
barrel axis. BASI sterically prevents access by the substrate
to the AMY?2 active site, but does not directly interact
with the three essential catalytic residues, Asp179,yiys
GluZ204 1y, and Asp289,yy, [13,14,34], located at the
bottom of the active-site depression. Remarkably, a large
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cavity, in which a calcium ion is trapped, is created at the
center of the AMY2-BASI binding interface (Figure 2).

Residues of the BASI 3 barrel within loops and secondary
structure elements (loops L.1-2, L.4-5, L.6-7, .89, L10-11,

Sructae

LL11-12 and B strands S9 and S10) establish extensive
hydrogen bonds, salt bridges and water-mediated con-
tacts with residues of AMYZ2 situated in (0/B)g-barrel
loops, B4-04, B5-a5, a7a—a7b, and in helix a5 (Figure 3).
There are 12 hydrogen bonds and two salt bridges
between AMY2 and BASI. A total number of 48 residues
(22 from AMY2 and 26 from BASI) establish contacts
(including hydrogen bonds and van der Waals contacts)
between the two proteins within 3.9 A. In addition, a total
number of 11 discrete water molecules, conserved in both
complexes of the asymmetric unit, are buried within the
interface and establish polar interactions between AMY2
and BASI (Table 1). This large number of water mol-
ecules mediating hydrogen bonds between AMY2 and
BASI suggests that the solvent makes a large contribution
to the steric complementarity of the two proteins, as
found in other protein—protein complexes determined at
high resolution [35,36].

"The total buried surface area in the AMY2-BASI complex
is about 2355 A2 and comprises two distinct areas lying apart
from the AMY2 catalytic site (Figures 2 and 3). This value
for the buried surface is higher than those usually observed
in other protein—inhibitor complexes [37] (excluding the
PPA-a-Al and thrombin-inhibitor complexes [19,38]) and
is in agreement with the low dissociation constant measured
for the AMY2-BASI complex [6].

Comparison between free and complexed AMY2

No major structural differences were found to exist between
the two AMY2 molecules present in the asymmetric unit,
the root mean square (rms) deviation averaged over all
Ca atoms was 0.23 A. Moreover, pairwise superimposition
of the Ca atoms of the free [13] and bound AMY2 mol-
ecules yielded an rms deviation of only 0.26 A, indicating
that the overall folding pattern is practically identical.
The Argl28,,,y, sidechain, which is located in domain B
and participates in the binding interface, adopts a signifi-
cantly different conformation in the free and bound
forms, however.

Figure 3

Details of the three interacting regions between the AMY2 and BASI
molecules. BASI and AMY2 are shown in light and dark purple with
sidechains in green and brown, respectively. (a) The intramolecular
hydrogen bonds between Arg106;,g and Asp156;,¢, are shown as
blue dashed lines. An additional hydrogen bond involves GIn223,,,y,
and Asn26,,. (b) The central salt bridge between Lys182,,,,, and
Glul68g,g is represented with the fully solvated interfacial calcium
and the AMY2 catalytic residues (Asp179, Glu204 and Asp289). (c)
Interactions between AMY2 domain B and BASI. The central
Aspl42,,,y- (in yellow) is bound to both a structural calcium ion
(Ca502; seen in [13]) and to residues Tyrl31g,g and Lys140g,g. A
salt bridge is established between Asp142,,,, and Lys140g,g,. Other
polar interactions occur between Gly144,,,., and Asp150g,g, and
between Arg128,,), and Ser77g,g, (also see Table 1).
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All contacts in the AMY2-BASI complex.

Amino acid residues*

Hydrogen bonds between AMY2, and BASI, atoms'*

Enzyme residues

Inhibitor residues

Direct hydrogen bond

Distance (A)

Water-mediated hydrogen bonds$

Arg128
Asp138

Gly140, Alal41, Asp142
Phel43, Glyl44, Alal45

Phe180
Lys182
Trp206

Ser208, Leu209, Ala210
Tyr211, Gly212, Gly213
Gly215

GIn223

His295, Met296

Pro298

Pro3, Pro4, Leu76, Ser77
Gly133

Ser132, Gly133, Tyr131
Serl32, Lys140, Met142
Cys148, Asp150

Glul68, Tyri70
Tyrl31, Glul68
Glul68, Tyrl70

Ala28, His29, Pro51
Argl55, Trp162, Pro169
Pro51, Arg155, Leul57
Asn26

Gly105, Arg106, Thr167
Glu168

Arg106, Asp156, Lys158

Arg128 Ne - Ser77 Oy

Aspl42 - Tyrl31 O
Asp142 O - Lys140 N{
Aspl42 032 - Lys140 N
Glyl44 N - Asp150 Od1

Lys182 N{ - Glu168 Oel

Tyr211 N Ala28 O

Gly215 O - Trp162 Nel
GIn223 O¢gl — Asn26 No2
His295 O ~ Arg106 Ne
His295 O - Arg106 Nn1

2.83 Arg128 O -~ W444 . Glul29 Oel
Arg128 Nnl - W460 - Glu129 Oel
Arg128 O » W444 .. Arg127 Nn2
297 Aspl42 O - W564 - Tyrl31 O
2.82
2.86
291
Glu204 Oel ~ W228 - Glu168 Oe2
2.98 Lys182 N{ - W472 - Tyrl70 O
2.87 Tyr211 OH » W325 - Arg155 O
Ser208 Oy~ W299 - Arg155 Ne
321 Gly215 O - W233 - Argl55 O
3.32
2.80 Met296 O - W485 - Glul68 O
2.83

Pro298 O -~ W308 - Asp156 02

*Contacts considered between 2.5 A and 3.9 A. TContacts considered between 2.5 A and 3.4 A. *Subscripts B and D refer to one of the two
independent AMY2-BASI complexes in the asymmetric unit. 8W refers to numbered water molecules in the structure (water molecules binding to

the interfacial calcium ion are not considered).

Upon analyzing the temperature factor (B) values between
the free and bound AMY2 structures, in order to assess
their mobility characteristics, a decrease in the B values
was seen for almost all of the AMY2 interfacial residues.
This observation is consistent with the idea that these
residues undergo a conformational stabilization on binding
to BASI. For example, the average B factor values of the
Lys182,yy; and the Argl28,,,y, sidechains were signifi-
cantly lower in the AMY2-BASI complex (17.0 AZ and
31.2 A2, respectively) than in the free AMY2 structure
(22.4 A2 and 39.9 A2, respectively).

Likewise, superimposition of the Ca atoms of the two
BASI inhibitor molecules present in the asymmetric unit
yielded an rms deviation of 0.31 A in 177 out of 181 Ca
atoms, indicating that the overall conformation of the two
BASI molecules is nearly identical. Larger differences (of
up to 4.5 A) were observed only in the BASI loop which
connects 3 strand S4 to S5 (residues 65-79); this loop is
located on the opposite side to the AMY2-binding region.
This loop was poorly defined in the electron-density
map, probably due to the lack of intermolecular contacts
in the crystal.

AMY2-BASI: a fast and tightly bound protein—protein
complex

The recently described structures of the PPA—tendamistat
[18] and PPA-a-Al complexes [19] throw light on the
protein—inhibitor associations occurring in the a-amylase

protein family. Comparisons between the three ad-amylase—
inhibitor complex structures showed a common feature: in
the case of all three inhibitors, tendamistat, a-Al and BASI,
steric hindrance prevents the substrate from reaching the
catalytic site of the O-amylases. This functional aspect
probably results from the tight binding in the three com-
plexes: the dissociation constants of the AMY2-BASI,
PPA-tendamistat and PPA-0-Al complexes being
2.2x10°19M [6], 9 x 10712 M [39] and 3.5 x 1011 M [19],
respectively. The lack of any significant conformational
rearrangements of AMY2, a characteristic of AMY2-BASI
complex formation, presumably contributes to the fast
binding reaction, typically observed in several proteinase—
inhibitor complexes [38]. This finding distinguishes
AMY2-BASI from the PPA-0-Al complex in which a large
number of conformational changes occur in a loop near the
PPA catalytic site upon binding of the inhibitor [19].

BASI binding to AMY2 creates an interfacial calcium ion
binding site

The refined structure of the AMY2-BASI complex unam-
biguously showed the presence of a completely solvated
calcium ion at the center of the interface, which is not
present in the structure of free AMY2 [13]. Surprisingly,
this calcium ion does not bind directly to any of the
neighboring acidic sidechains, as is usual for calcium-
binding sites in proteins [40], but instead is stabilized by
six ordered water molecules, with a trigonal biprismastic
geometry (Figures 3 and 4; Table 2). Five of these water
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Figure 4

Details of the interfacial calcium ion binding
site. (a) Stereoview of the calcium ion (blue)
and its bound water molecules (red) with the
surrounding AMY2 (purple) and BASI
(magenta) sidechains Tyr170g,g, Glul68g,g
Asp289 vz Glu204,,,y, and ASpl79,,y,-
Associated hydrogen bonds are shown as
pink dashed lines. The yellow and green
triangles help to visualise the trigonal
biprismatic calcium coordination. (b)
Stereoview of the 1.9 A resolution simulated
annealing F,—F electron-density map,
contoured at 1.20 (blue) and 60 (red),
showing the interfacial calcium ion near the
AMY?2 catalytic cavity. The atoms found in this
region (approximately 5% of the total number
of atoms) were omitted from the calculations
in the two AMY2—-BASI complexes present in
the asymmetric unit, and the remaining protein
atoms were refined by simulated annealing
before the final phase calculation. The BASI
residues are labeled in pink and AMY2
residues are in green; AMY2 catalytic
residues are shown in brown. Water
molecules and the interfacial calcium ion are
colored as in (a). (c) Stereoview CPK
representation of the same region as in (b).
Atoms are color-coded as in (b).

Btreadurm

molecules are hydrogen bonded to carboxylate oxygen
atoms of the surrounding catalytic site residues,
Aspl79 iy Glu204 iy, Asp289,,y,, and to oxygen
atoms of Glul68y,¢; and Tyrl170g,4; (Figure 4). A sixth
water molecule, which interacts only with the calcium
ion, completes the calcium coordination sphere leading to
a slightly distorted trigonal biprismatic arrangement of
ligands around this ion. An overall comparison between
the water molecule network in the active site of free and
BASI-bound AMY2 suggests that the electrostatic field
due to the calcium ion favors the formation of a water
molecule network connected to the catalytic site, when

BASI binds to AMY?2.

The AMY2 domain B: a module controlling the isozyme
specificity of BASI inhibition

Despite 80% sequence identity, the barley isozymes AMY1
and AMY2 exhibit different BASI-binding properties
[1,5,41]. In contrast to AMY2, AMY1 is not inhibited by
BASI [41] and experiments adding BASI in large excess to
AMY1 indicate K| to be greater than 1 mM (KWR and BS,
unpublished data). It has been established that in several
hybrids of AMY1 and AMY2 obtained by homologous
recombination in vyeast [42], the domain B (residues
89-152) of AMY?2 is essential to BASI inhibition [41,43].
The isozyme hybrid H7/61, which contains AMY1 residues
1-161 and the complementary C-terminal region of AMY2
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Table 2

655

Interfacial calcium-bound water molecules.

AMY2* Water (B factor A2)t

Water—calcium distances (A)

Water (B factor A2)f BASI

Complex AMYg—BASI,

Asp289 051 OwW284 (27.8) 2.45
Aspl79 031 Ow285 (30.2) 213
Glu204 Oe2, Aspl79 081  OW288 (24.6) 2.29
Asp289 082, Glu204 02  OW334 (26.0) 255
242
OW335 (42.6) 252

Complex AMY ,—BASI
Asp289 051 OWwW114 (31.3) 2.34
Aspl79 051 OW562 (31.7) 2.37
Glu204 Oel, Asp179 081  OW152 (22.1) 222
Asp289 082, Glu204 O¢2 Oowa97 (27.9) 245
214
OW702 (27.9) 2.68

OW336 (27.2) Glu168 Og2, Tyr170 OH

OW98 (28.8) Glu168 O€2, Tyr170 OH

*Subscripts A, B, C and D refer to the two independent AMY2 and BASI molecules of the asymmetric unit, respectively. TThe B factor values are

given in parentheses.

(residues 161-403), was insensitive to BASI inhibition. In
contrast, hybrid H90, which contains AMY1 residues 1-90
and the complementary C-terminal region of AMY2
(residues 89-403), has practically identical biochemical
properties to those observed with wild-type AMYZ. Recent
sequence analysis of three more hybrids, H712, H116 and
H144, with cross-over points within domain B, have shown
that regions Leull7-Phel44, and to a lesser degree
Alal45-Leul61, are critical for BASI binding to AMY2 [43].
A sequence comparison of AMY1 and AMY2, based on the
three-dimensional structure of AMY2-BASI, showed that
Argl28,,,y, is the only charged residue at the binding inter-
face which is not conserved in AMY1 (Figure 5). Another
charged residue from domain B of AMY2, Aspl142,,yz
binds both to a calcium ion and to BASI (Figure 3) and is
conserved in both isozymes. Biochemical studies of the
mutant hybrids H767 (Thr129 - Arg/LLys130 - Pro), H90
(Arg129 - GIn) and H90 (Asp143 - Asn) (AMY1 sequence
numbering) supported the fact that the interactions
between Argl28,,,y, N€ and Ser77;,4; Oy and between
Asp142 iy, O02 and Lys140;,q; NC are of great impor-
tance, but not essential to BASI binding [44]. The speci-
ficity of BASI for AMY2 therefore probably is a result of a
combination of various interactions, as outlined below.

Firstly, domain B of AMYZ contains three proline residues,
Prol12,\y;, Prol29,yy, and Prol37,,, which are
located close to AMY2 residues involved in the calcium-
binding sites (Thrlll,yy,, Aspl13,\iy, Asp127,\y2
and Aspl38,,;y,) and in the AMY2-BASI interaction
(Argl128,,\1y,)- The three proline residues, which are not
conserved in AMY]1, are most probably critical to the con-
formation of domain B of AMY2 and hence to the recogni-
tion of BASI. Secondly, a putative disulfide bridge specific
to domain B of AMY1 may contribute to the different

behavior of the two isozymes towards BASI [45]. This
bridge could involve residue Cys95,,y;, Which corresponds
to Thr94 in AMY2Z, and either Cys106,yy; or Cys125,\1v1,
both of which are conserved in the two isozymes [44]. Com-
parison of the distances from Ca of Thr94, Cys105 and
Cys125 in AMY2, suggested that Cys106,y.y; is the best
candidate for disulfide bridge formation with Cys95,yy;-
In the structural model of AMY2, however, the Thr94
sidechain is oriented towards domain A. The formation of
a disulfide bridge Cys95,,;y;—Cys106,,,y; will therefore
require a major conformational change in the Cys95,yy;
sidechain towards the domain B in AMY1. This might con-
tribute a conformational change to the AMY1 domain B
which prevents BASI binding. Finally, sequence compari-
son outside domain B clearly showed that for the other criti-
cal sidechain, Lys182,yy,/Argl83,,y, mutation in the
binding interface of AMY2-BASI is close to the catalytic
site but has no critical isolated impact on the BASI binding
as the AMY1 mutant Arg183 - Lys does not become sensi-
tive to BASI [46]. Future information on the three-dimen-
sional structure of AMY1 will help to elucidate reasons for
the strict isozyme specificity of BASI for AMY2.

Involvement of the AMY2-BASI complex in the control of
starch degradation

"The synthesis and secretion of isozymes AMY1 and AMY?2
in the germinating seed are differentially regulated at both
the transcriptional and translational level [47-49]. Expres-
sion of genes encoding the different isozymes has been
found to depend on the concentration of calcium ions
and of the phytohormones found in the plant, gibberellic
acid (GA;) and abscisic acid (ABA) [47,50]. Unlike GA;,
ABA suppresses the expression of the 0-amylase isozymes
[51]. The effects of ABA in the unripe grain are twofold:
firstly ABA has antagonistic effects on GA;; and secondly
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Figure 5
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Domain A

Structure

Sequence comparison of AMY1 and AMY2 relevant to the interface area
of the AMY2—BASI complex. Residues involved in the interaction with
BASI are indicated by yellow rectangles. Calcium ligands are marked by
pink, orange and blue circles for Ca500, Ca501 and Ca502,
respectively. Non-conservative substitutions are indicated with red
squares. Bold and underlined residues designate sidechain substitutions
between AMY1 and AMY2 for residues in interaction with BASI. Domain
B is outlined in green, whereas domain A is shaded in blue.

stimulates the expression of embryogenic genes encoding,
for example BASI [52]. The antagonistic regulation of the
de novo synthesis of AMY and BASI proteins, as well as the
AMY? inhibition by BASI, imply that a-amylase activity is
abolished both at the transcriptional and enzyme activity
levels, this is perhaps significant in the case of premature
sprouting. The role of ABA in response to environmental
stress conditions and wounding [51,53] also suggests that
BASI is a defense-related protein acting on pathogens, and
that BASI complex formation with proteases counteracts
pathogen infestation during the germination process.
Owing to the high degree of sequence identity (92%)
between WASI and BASI, the BASI-protease interac-
tions may be modeled on the basis of the structure of the
WASI-proteinase K complex [25]. A model of the ternary
complex AMY2-BASI-proteinase K was therefore gener-
ated using the program TURBO-FRODO [54]. The model
shows that the enzymes interact with BASI at very dis-
tinct, non-overlapping sites, which are found on opposite
regions of the molecular surface of BASI. The BASI loop
between B strands S5 and S6 (Figure 1a) seems to be the
major structural determinant for recognizing the protease.
However, further details and insights into the bifunctional
role of BASI must await refinement of the WASI-pro-
teinase K model and/or structure determination of the
homologous BASI-protease complex, or even of a ternary
AMY2-BASI-protease complex.

Biological implications

The regulation of starch degradation in the endosperm of
the barley seed during germination involves a complex
system of two a-amylase isozymes, AMY1 and AMY?2,
with distinctly different properties. Of these two isozymes,
only AMY?2 is inhibited by the endogenous bifunctional
barley a-amylase/subtilisin inhibitor BASI.

Here we describe the three-dimensional structure of the
AMY?2-BASI complex, which throws light on the mech-
anism of a-amylase inhibition. BASI sterically blocks the
catalytic cavity of AMY2, without binding directly to
any of the three carboxylic acid residues involved in
catalysis. The cavity created at the center of the protein-
protein interface contains a completely solvated calcium
ion located near the AMY2 catalytic residues.

Together with the results of biochemical analyses on
isozyme hybrids, isozyme hybrid formation and site-
directed mutagenesis studies, the present study provides
a structural basis for understanding the different affini-
ties of AMY1 and AMY?2 for BASI. The interaction
between the calcium-containing domain B of AMY2 and
BASI supports the idea that the inhibition specificity
results from a complex combination of several effects.
Non-conservative substitutions and perhaps the different
calcium affinities of AMY1 and AMY2 may influence
the conformation of domain B and cause the lack of
AMY1 sensitivity for BASI.

This highly specific binding may be necessary for the
development of the germinating seed. The protein—protein
association, which is involved in the control of sugar
energy release to the plant embryo during growth, is
combined with BASI’s potential protease inhibition in
response to various stress factors harmful to the germina-
tion process.

Materials and methods

Crystallization and data collection

AMY2 was purified from kilned barley malt (cultivar Menuet) [55] and
BASI from barley seeds (cultivar Piggy) essentially as previously
reported [6]. Crystallization trials were conducted using the hanging
drop vapor diffusion method at room temperature (20°C) as previ-
ously described [56]. Crystals of the AMY2—BASI complex appeared
within five days, by mixing an equal volume of the 1:1 complex solu-
tion (9.4 mg/ml) with the well solution containing 3—8% polyethylene
glycol 6000, 10 mM MES pH 6.7 and 5 mM CacCl,. X-ray diffraction
data were collected at 20°C using a Rigaku RU200 rotating anode
X-ray source operating at 40 kV and 80 mA and a MAR Research
Imaging plate detector (Hamburg, Germany). The crystals are ortho-
rhombic in space group P2,2,2,, and the unit cell dimensions are a
=7450A, b=96.18 Aand c = 170.15 A. There are two molecules
of the complex in the asymmetric unit, which correspond to a volume
of solvent equal to 45%. A preliminary data set was collected at 2.7
A resolution with one crystal which was rotated a total of 110° using
increments of 1°, and an exposure time of 800 s per degree. A second
data set (550 frames), extending up to 1.9 A resolution, was col-
lected with one crystal using a crystal-to-plate distance of 80 mm and
increments of 0.25°. The two data sets were reduced and scaled
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Table 3

Table 4

Summary of data collection and phasing statistics.

Crystallographic parameters of the refined structure.

Native 1 Native 2 HgCl, Eu(NOy),

Resolution (A) 2.7 1.9 28 27
Observed reflections 245919 800 034 95554 102 868
Unique reflections 31211 95 528 24 555 29170
Redundancy 7.8 8.4 3.9 35
Rierge” 6.7 105 10.5 9.4

iso 20.3 19.6
Number of sites 6 4
Phasing power

(acentric/centric) 1.06/2.77 0.95/0.78
Highest resolution

shell (A) 2.1-1.9
Completeness

(Fy > 20(F,) (%) 955 91.3(825" 80.2 86.2
*Rierge = ZishK! | 1(i,hkl) — < I(hkl) >| / Zi,hkl <I(hkl)>. TThe number

given in brackets denotes the respective value of the highest resolution
shell.

using the XDS and XSCALE software programs [57], and then
merged using the same program package. Details of the data collec-
tion statistics are shown in Table 3.

Molecular replacement

The 2.7 A resolution data set (Table 3) was used for molecular replace-
ment using the AMoRe software program [58] with the refined coordi-
nates of the native AMY2 structure (PDB code 1AMY) as a search model
[13]. Attempts to introduce the WASI structure into the search model
were unsuccessful. Diffraction data in the resolution range of 8—3 A were
used in both the rotation and the translation function calculations. The
two highest peaks, at 16.90 and 16.30 above the mean, were found with
the rotation function. A correctly positioned AMY2 molecule was then
used to locate the second molecule by means of the phased translation
function, giving a correlation of 40.6%. The two AMY2 molecules were
then subjected to rigid-body refinement with AMoRe [58], resulting in a
correlation of 54.5% and an R factor of 41.6%. Further refinement with
X-PLOR [59] using Powell conjugate-gradient energy minimization
reduced the R factor value to 36.2% in the 10 A to 2.7 A resolution
range. Subsequent 2F—F_. and F—F. electron-density maps identified
the three calcium ions already found in the free AMY2 molecule, which
were removed from the search model. This indicates that the two AMY2
molecules had been correctly positioned in the asymmetric unit. At this
stage, attempts to build part of the BASI molecules using difference
Fourier techniques were not successful, however. Therefore, it became
necessary to try to obtain additional phase information from heavy-atom
derivatives of the AMY2—BASI complex.

Heavy-atom derivative preparation and refinement — phase
combination

Mercury and europium heavy-atom derivatives, which were successfully
used for solving the native AMY2 structure [13], were prepared. Crys-
tals of the AMY2—-BASI complex were soaked in 10 mM Eu(NO,), for
ten days, or in 0.01 mM HgClI, for a few hours. X-ray diffraction data
were collected up to 2.8 A and 2.7 A resolution on the HgCl, and
Eu(NO,); derivative crystals, respectively (Table 3). The difference
Fourier maps (Fy,—Fna€®calc with phases (¢.,.) calculated from the
positioned AMY2 molecules showed six major binding sites for the Hg
derivative and four sites for the Eu derivative, some at positions previ-
ously observed in the native AMY2 structure [13]. On the basis of
these heavy-atom sites, phases were then generated with MLPHARE
[60]. Structure factors based on the two positioned AMY2 molecules
were calculated with SFALL [60], and the figures of merit derived
from the calculated phases were obtained with the SIGMAA option

Number of non-hydrogen protein atoms 9176
Number of water molecules 749
Overall R factor (F,> 10(F,°) 20.8
Overall R free 26.9
Mean B factor (A2)
Amylase molecules
molecule A 17.6%(19.31)
molecule B 24.5%(25.51)
BASI molecules
molecule C 23.7%(25.51)
molecule D 22.6%(24.8")
Water molecules
complex AC 30.1
complex BD 317
Rms deviation from ideal geometry
bonds (A) 0.007
angles (°) 145
dihedral angles (°) 25.3
improper angles 124
Rms variation in B factors (A2)
bonds 21
angles 2.0

*Mean mainchain B factor (A2). tMean sidechain B factor (A2).

PARTIAL [60]. Calculated phases were combined with the MIR phases
using the option COMBINE of SIGMAA [60].

Model building and refinement

Model building was performed with the TURBO-FRODO software
program [54]. Parts of the Ca chain of the two independent BASI mol-
ecules were identified using the BONES program with the improved
electron-density maps, and for each of the two BASI molecules 50
residues out of a total of 181 residues were constructed. At this stage,
the structure of the highly homologous protein WASI [24] was used to
help with the construction of the BASI molecules. Subsequent cycles
of simulated-annealing refinement using X-PLOR [59], alternating with
manual rebuilding, made it possible to build the two BASI molecules
independently. The refined structure at 2.7 A resolution contains two
AMY2-BASI complexes, six calcium ions and 360 water molecules
and has an R factor of 15.3% based on all reflections with F,>10(F,).
Two BASI loops with residues 65—79 and residues 110-126 had
weak electron densities, and the positions of three sidechains within
BASI loop 131-138 were unclear. In addition, Fourier difference elec-
tron-density maps showed an isolated peak at 60 above the mean
value and located at the center of the binding interface near the AMY2
catalytic residues, suggesting the presence of a fourth calcium ion.

Further refinement cycles were performed with the 1.9 A resolution
data set, where most of the positioning errors in the BASI model were
corrected and solvent molecules were added. The position of His132;,g,
and Serl37g,g, sidechains were switched, as observed in the WASI
structure [24]. The sidechain Vall36g,g, was rotated approximately
180° around the mainchain axis, and residue 135 was also reposi-
tioned. The presence of two interfacial calcium ions, already suggested
by the Fourier difference electron-density map at 2.7 A resolution, was
clearly confirmed. Further refinement cycles were performed with the
eight independent calcium sites considered as neutral atoms, our expe-
rience showing that keeping the 2+ charge on the calcium atoms led to
abnormally short distances with some of the calcium ligands. The 1.9 A
resolution refined model has a final R factor of 20.8% (on the basis of
all reflections in the 8 A to 1.9 A resolution range with F,>1a(F,)), and
the value of Ry, [61] for 10% of reflections against which the model
was not refined was 25.9%. The stereochemistry of the final model was
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examined with PROCHECK [62], and 88.5% of the residues were
located in the most favourable regions while the remaining residues
were in allowed regions. An overlay of the two complexes in the asym-
metric unit reveals a nearly identical backbone conformation reflected
by a low overall rms deviation of 0.26 A, using 583 Ca atoms for
superposition. The crystallographic parameters of the refined structure
are given in Table 4.

Accession numbers

The coordinates of the AMY2-BASI crystal structure have been
deposited at the Brookhaven Protein Data Bank (entry code 1AVA) and
will be available one year after the date of publication.
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