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ABSTRACT: The kinetics and energetics of the binding between barleyR-amylase/subtilisin inhibitor (BASI)
or BASI mutants and barleyR-amylase 2 (AMY2) were determined using surface plasmon resonance and
isothermal titration calorimetry (ITC). Binding kinetics were in accordance with a 1:1 binding model. At
pH 5.5, [Ca2+] ) 5 mM, and 25°C, thekon andkoff values were 8.3× 10+4 M-1 s-1 and 26.0× 10-4 s-1,
respectively, corresponding to aKD of 31 nM.KD was dependent on pH, and whilekoff decreased 16-fold
upon increasing pH from 5.5 to 8.0,kon was barely affected. The crystal structure of AMY2-BASI shows
a fully hydrated Ca2+ at the protein interface, and at pH 6.5 increase of [Ca2+] in the 2 µM to 5 mM
range raised the affinity 30-fold mainly due to reducedkoff. TheKD was weakly temperature-dependent
in the interval from 5 to 35°C askon andkoff were only increasing 4- and 12-fold, respectively. A small
salt dependence ofkon andkoff suggested a minor role for global electrostatic forces in the binding and
dissociation steps. Substitution of a positively charged side chain in the mutant K140L within the AMY2
inhibitory site of BASI accordingly did not changekon, whereaskoff increased 13-fold. ITC showed that
the formation of the AMY2-BASI complex is characterized by a large exothermic heat (∆H ) -69 (
7 kJ mol-1), a KD of 25 nM (27°C, pH 5.5), and an unfavorable change in entropy (-T∆S) 26 ( 7 kJ
mol-1). Calculations based on the thermodynamic data indicated minimal structural changes during complex
formation.

Barley R-amylase/subtilisin inhibitor (BASI)1 is an en-
dogenous inhibitor of the high pI isozyme R-amylase 2
(AMY2) but does not inhibit the low pI isozymeR-amylase
1 (AMY1) (1-3), which has 80% sequence identity with
AMY2 (4-6). BASI moreover inhibits serine proteases of
the subtilisin family (1). BASI shares high sequence identity
with cereal inhibitors, WASI from wheat (7, 8) and RASI
from rice (9). These double-headed inhibitors belong to the
Kunitz-type trypsin inhibitor family ofâ-trefoil fold proteins
that includes the more distantly related interleukin 1-R and
1-â (10, 11) and fibroblast growth factors (12). The precise
function of BASI in the seed remains unclear, but it has been
suggested that it plays a role in control of AMY2 activity
during premature sprouting and in plant defense acting on
serine proteases of pathogens and pests (1-3).

Recently, the crystal structure of the complex between
AMY2 and BASI has been solved at 1.9 Å resolution (13).
The complex was shown to be very stable withKi determined
to 0.07 and 0.22 nM by stopped-flow fluorescence spectros-
copy (14) and AMY2 activity inhibition assay, respectively
(2). A structural analysis of the AMY2-BASI complex
interface describes at least 48 residues from the two proteins
to be in contact in the complex (13). Seventeen of these are
in direct hydrogen bond contact while eight participate in
water-mediated hydrogen bonds. The binding surface is about
2355 Å2 and comprises interactions within the B-domain and
the active site of AMY2 (13). BASI does not, however, bind
directly to the three catalytic carboxyl groups in AMY2, but
a unique, completely hydrated Ca2+ that via water molecules
in a network connects the three catalytic acids of AMY2
with side chains in BASI is located in the crystal structure
of the protein interface (Figure 1). This Ca2+ is only found
in the AMY2-BASI complex and has not been reported in
the crystal structure of AMY2 (15, 16). The structure of a
complex with subtilisin remains to be determined, but a low-
resolution structure between WASI and proteinase K has
indicated an important role in inhibition of a loop located at
a site opposite to theR-amylase binding site in the inhibitor
(17).

The protein-protein interaction between AMY2 and BASI
is unique among the currently known types ofR-amylase
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protein inhibitor complexes for which the structures have
been solved: porcine pancreaticR-amylase and Tendamistat
(18), porcine pancreaticR-amylase andR-AI, a lectin-like
bean inhibitor (19), yellow meal wormR-amylase and a
bifunctional inhibitor fromRagi (Indian finger millet) (20),
and the same enzyme with an inhibitor fromAmaranth(21).
In three cases the catalytic acids in the enzyme and the
inhibitor directly interact, i.e., the two of porcine pancreas
R-amylase and the yellow meal wormR-amylaseRagi
inhibitor complex (18-20). The inhibitor fromAmaranth
in contrast has contact through a water molecule (21).
Interestingly, only RAI and the Amaranth inhibitor are
described to exert substrate mimicry (for review onR-amy-
lase plant inhibitors, see ref22).

To achieve thorough understanding of the binding, a
biophysical description of the role of the hydrated calcium
and other factors in the stabilization of the complex is
required to complement the model provided by the crystal

structure of the AMY2-BASI complex. Thus through a
series of surface plasmon resonance (SPR) and isothermal
titration calorimetry (ITC) experiments, the kinetics and the
thermodynamics of the binding between AMY2 and BASI
were analyzed at different temperatures, pH, ionic strengths,
and [Ca2+]. The study allowed direct comparison between
two biophysical techniques and is the first demonstration of
Ca2+-modulated kinetics of the interaction between BASI
and AMY2 with relevance therefore for related systems of
proteinaceous inhibitors and protein-protein interactions.

EXPERIMENTAL PROCEDURES

Proteins. AMY2 (the AMY2-2 form was used in this
work) and AMY1 were purified from kilned and green barley
malt (cvs. Triumph or Menuet), respectively, while BASI
was purified from mature barley (cv. Piggy) seeds (2, 6, 23).
Savinase was a kind gift of Dr. Steen Bech Sørensen,

FIGURE 1: Molecular structure of the AMY2-BASI complex (13). (a) Global view stereo drawing of the complex highlighting the fully
hydrated Ca2+ (yellow) at the protein-protein interface and the three structural Ca2+ in AMY2 (gray). The Ca2+-coordinated water molecules
are shown in blue. AMY2 contains domain A (purple), domain B (light blue), and domain C (dark purple). BASI is in green. (b) Close-up
stereo drawing of the fully hydrated Ca2+ at the AMY2-BASI interface. The catalytic acids and Lys182 in AMY2 are in purple and
Asp142 within domain B is in light blue. Lys140 and Glu168 in BASI are in green. Associated hydrogen bonds are shown as gray dashed
lines.
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Carlsberg Research Laboratory. The protein concentrations
were determined by amino acid analysis or by spectropho-
tometric methods usingε280 ) 24× 103 M-1 cm-1 for AMY2
(24), 13× 103 M-1 cm-1 for BASI (25), and 23× 103 M-1

cm-1 for savinase (26). Recombinant wild-type BASI
(rBASI) and the BASI mutants, K140L and E168Q, were
produced using anEscherichia coliexpression system. BASI
cDNA (27) was amplified by PCR using primers (DNA
technologies, Århus, Denmark) containingNdeI and SapI
restriction sites (in bold) in the 5′ and 3′ ends, respectively:
5′ CATATG GCCGATCCGCCGCCGGTGCACG 3′ and 5′
GCTCTTC CGCAAGCGGGCGGCGCCTTCTTGAACA 3′.
For E168Q rBASI a 5′ primer containing a mutated site was
synthesized: 5′ GCTCTTC CGCAAGCGGGCGGCGCCT-
TCTTGAACACGACGACATGGTATGGCTGGGTGG 3′
(underlining indicates the mutated codon). For K140L rBASI
a mutational primer 5′ CACGACATCAGCAGGTACTCGT-
GC 3′ was used for generation of a megaprimer before the
cDNA was amplified. The wild-type and mutated BASI
sequences were cloned into a pTYB1 expression vector (New
England Biolabs, Beverly, MA) that encodes an intein tag
in conjugation with a chitin binding domain (Intein-CBD)
adjacent to the C-terminus of BASI. The intein carries out a
self-cleavage reaction to release the target protein (28). The
recombinant fusion proteins were produced essentially as
described by the manufacture inE. coli BL21(DE3) cells
(Stratagene, Amsterdam, The Netherlands) grown overnight
at 20°C. The cells were resuspended in 20 mM Hepes, pH
8.0, 0.5 M NaCl, and 0.1 mM EDTA and disrupted using a
French press (American Instrument Co., Baltimore, MD).
After centrifugation the supernatant was applied to a chitin
bead affinity column (New England Biolabs), and the column
was washed with 20 mM Hepes, pH 8.0, 0.05 M NaCl, and
0.1 mM EDTA and then flushed with the same buffer plus
30 mM DTT. The flow was stopped, and rBASI was eluted
after 24 h at 4°C (28). Fractions containing rBASI were
combined and gel filtered on a Superose 12 HR 10/30 column
(Amersham Biosciences, Uppsala, Sweden) equilibrated with
20 mM Tris-HCl, pH 8.0, and 0.15 M NaCl using an A¨ KTA
explorer automatic chromatograph. rBASI was>98% pure
as estimated by SDS-PAGE and isoelectric focusing (Novex
gels, Invitrogen, Groningen, The Netherlands). rBASI con-
centrations were determined by amino acid analysis on a
Biochrom 20 analyzer (Pharmacia, Uppsala, Sweden).

Biotinylation of AMY2.AMY2 in 10 mM Mes, pH 6.7,
and 5 mM CaCl2 (7.0 mg×mL-1) was biotinylated through
covalent coupling of primary amino groups with EZ-Link
sulfo-NHS-LC-biotin [sulfosuccinimidyl-6-(biotinamido)hex-
anoate] (Pierce, Rockford, IL) at a 1:10 molar ratio for 30
min at room temperature. Biotinylated AMY2 was separated
from the remaining reagent on a PD-10 desalting column
(Amersham Pharmacia Biotechnology, Uppsala, Sweden)
equilibrated in 10 mM Hepes, pH 7.4, 150 mM NaCl, and 5
mM CaCl2. The activity of the biotinylated AMY2 prepara-
tion was measured using 6.25 mg×mL-1 insoluble Blue
Starch (customer preparation, Pharmacia) as substrate in 20
mM sodium acetate, pH 5.5, containing 5 mM CaCl2 and
0.05% BSA (total volume of 4 mL). After incubation for 15
min at 37 °C the reaction was stopped by adding 0.5 M
NaOH (1 mL). Aliquots (1 mL) were centrifuged, and the
supernatants (300µL) were transferred to a microtiter plate
for A620 reading (Ceres UV900 HDI microplate reader, Biotek

Instruments, Inc.) (29). One unit corresponded to the amount
of enzyme giving a∆A620 of 0.001 in 15 min in the final
volume (5 mL). The specific activity was essentially
unchanged by the biotinylation.

Surface Plasmon Resonance. The kinetics of the binding
between BASI from seeds, rBASI wild-type and mutants,
and AMY2 or savinase was analyzed in real time by SPR
using a BIAcore 3000 (BIAcore, Uppsala, Sweden) (30-
32). Streptavidin-biotin coupling of AMY2 was achieved
by injection of randomly biotinylated AMY2 (10µg ×mL-1)
in running buffer [10 mM Hepes, pH 7.4, 150 mM NaCl, 5
mM CaCl2, 0.005% (v/v) surfactant P20] on a streptavidin-
coated sensor chip (Sensor Chip SA, BIAcore) at a flow rate
of 10 µL ×min-1 for 4 min. Random amine coupling of
BASI and savinase was carried out by injecting proteins (2
µg ×mL-1 each) in 10 mM sodium acetate, pH 5.0, following
preactivation of the carboxymethylated dextran matrix (CM5
sensor chip) usingN-hydroxysuccinimide/N-ethyl-N′-[3-
(diethylamino)propyl]carbodiimide.

BIAcore 3000 sensorgrams [resonance units (RU) versus
time] were recorded at a flow rate of 30µL ×min-1 at 25
°C, using five concentrations (20-300 nM) of analytes in
running buffer. The analyses were performed in duplicate
using sensor chips coupled with 300-1000 RU of protein.
The association and dissociation data were collected for 4
and 15 min, respectively. The AMY2 and BASI sensor chips
were regenerated at the end of each run by two injections of
30 µL of 10 mM sodium acetate, pH 5.0, while regeneration
of the savinase chips was achieved by extending the
dissociation phase by 5 min. Data obtained from parallel flow
cells without coupled ligands (derivatized in the presence
of buffer only) served as blank sensorgrams for subtraction
of changes in the bulk refractive index. The AMY2-BASI
interaction was analyzed at five temperatures, ranging from
5 to 40 °C. As signal detection is sensitive to temperature
variations, the detector was reset at each new temperature
using the “normalize” command. In the [Ca2+] dependence
analysis the residue concentration (2-6 µM) of Ca 2+ was
estimated from the dilution of the AMY2 stock solution
buffer (10 mM Mes, pH 6.7, 5 mM CaCl2), which was made
up in MilliQ water. The AMY2-BASI complex for inter-
action analysis with savinase was prepared by incubation at
a 1:1 molar ratio for at least 30 min in running buffer at
room temperature before injection.

The sensorgrams were analyzed using BIAevaluation
version 3.1 software that provides both numerical integration
and global fitting algorithms. The data were fitted to a single-
site interaction model [1:1 (Langmuir) binding: A+ B h
AB]. Assuming pseudo-first-order interaction kinetics, the
rate of complex formation during sample injection is given
by d[AB]/dt ) kon[A][B] - koff[AB], which may be expressed
as dR/dt ) konCRmax - (konC + koff)R, where dR/dt is the
rate of change of the SPR signal,C is the concentration of
analyte,Rmax is the maximum analyte binding capacity in
RU, andR is the recorded SPR signal in RU at timet. koff

values were determined from the data collected during the
dissociation phase (dR/dt ) -koffR), while kon values were
derived from the above rate equation for complex formation.
The equilibrium dissociation constant was calculated from
the kinetic rate constants (KD ) koff/kon). Details of the rate
equations are described in the BIAevaluation version 3
software manuals and ref33. ∆∆G ) ∆Gmutant- ∆Gwild type
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was calculated asRT ln(KD(mut) /KD(wt)), whereR is the gas
constant (R ) 8.314 J× mol-1× K-1) andT ) 298.15 K.

Isothermal Titration Calorimetry. Calorimetric measure-
ments of the AMY2-BASI interaction were performed on
a MicroCal OMEGA titration microcalorimeter (MicroCal
Inc., Northhamptom, MA) (34). Protein solutions were
dialyzed against either 40 mM Hepes, pH 6.8, 5 mM CaCl2,
and 0.2 M NaCl or 40 mM sodium acetate, pH 5.5, and 5
mM CaCl2, passed through a 0.2µm filter, and degassed by
stirring under vacuum before use. Experiments were per-
formed at 11( 0.2, 25( 0.2, 37( 0.2, 46( 0.2, and 55
( 0.2 °C at pH 6.8 and pH 5.5 at 27( 0.2 °C. The sample
cell was filled with AMY2 solution (28µM), and while being
stirred at 400 rpm, the system was allowed to equilibrate to
an rms noise value of 0.008µJ ×s-1 before the start of
titration. The injection syringe was filled with BASI solution
(282µM), and repeated injections were made. Injections were
continued beyond saturation of AMY2 to allow for deter-
mination of heat of dilution. The calorimeter was calibrated
using standard electrical pulses generated using the provided
software. Calorimetric data were analyzed by integration of
resultant peaks (ORIGIN software; MicroCal Software, Inc.).
Nonlinear regression fitting to the isotherm gave the equi-
librium association constant of the ligand,KA, the molar heat
of binding,∆H°, the concentration of binding sites (stoichi-
ometry), and the heat of dilution of the proteins. Using these
parameters the free energy and the entropy were calculated
using standard thermodynamics relationships:∆G° ) -RT
ln KA ) ∆H° - T∆S°.

The changes in accessible surface area of apolar (∆ASAap)
and polar (∆ASApol) groups in AMY2 and BASI upon
binding were calculated from the empirical relationships to
heat capacity (∆Cp) and enthalpy (∆H°) changes as fol-
lows: ∆Cp ) -1.88∆ASAap + 1.09∆ASApol; ∆H60 )
39.3∆ASAap - 131∆ASApol, where ∆H60 is the binding
enthalpy at 60°C (35). The heat capacity change for the
complex formation,∆Cp, was determined as the slope from
a linear plot of∆H° versusT (∆Cp ) δ∆H°/δT), and the
enthalpy at 60°C (∆H60) was extrapolated from the same
plot.

Molecular Graphics.The structure of the AMY2-BASI
complex (13) was obtained from the Protein Data Bank (36),
accession number 1AVA, and the figures were made using
the software program Insight II (97.0), Molecular Simulations
Inc., San Diego, CA.

RESULTS

Preparation and Specificity of BASI, AMY2, and SaVinase
Sensor Chips.BASI and savinase were immobilized on a
carboxymethylated dextran matrix on a BIAcore CM5 sensor
chip by random amine coupling. However, because this
immobilization of AMY2 resulted in loss of BASI binding
ability, biotinylated AMY2 was subsequently immobilized
on a streptavidin-coated BIAcore SA sensor chip. To
minimize mass transport effects, low-loaded surfaces, about
300 RU, and high flow rates, 30µL ×min-1, were used in
the binding measurements. AMY2 binding to immobilized
BASI was specific as no binding occurred to the control flow
cell. Passing a high concentration of BASI (2µM) over the
AMY2 surface, at three flow rates, 5, 15, and 75µL ×min-1,
resulted in similar apparentkon values of 2.9× 104, 2.2 ×

104, and 2.8× 104 M-1 s-1, respectively, suggesting the
absence of an adverse mass transport effect.

Binding Kinetics for BASI and AMY2 Sensor Chips.To
determine the binding kinetics of the AMY2-BASI interac-
tion, AMY2 was injected over immobilized BASI followed
by buffer, and the reaction was measured in real time by
recording the changes in surface plasmon resonance. The
sensorgrams were analyzed and fitted to a single-site
interaction model. The kinetic rate constantskon andkoff were
determined for several analyte concentrations in the range
of 62-187 nM (Figure 2). The equilibrium dissociation
constant (KD) was calculated from the rate constants and
found to be in the low nanomolar range. No binding of
AMY1 to immobilized BASI was observed, demonstrating
target enzyme specificity (Figure 3). Since similar binding
kinetics was observed using either immobilized AMY2 or
BASI, the data obtained validated the use of surface plasmon
resonance for studying the AMY2-BASI binding (see Table
4 below). Equilibrium data were also analyzed by Scatchard
analysis (not shown) (37) to give a KD of 1.1 nM, in
agreement with the value of 1.0 nM at pH 6.5 in 5 mM CaCl2

(Table 1) calculated from the rate constants.

FIGURE 2: Representative real-time binding sensorgrams for the
AMY2-BASI interaction measured by SPR. AMY2 of varying
concentrations (62, 93, 124, 155, and 187 nM) was injected over
immobilized BASI as shown by the sensorgrams. The measurements
were carried out in 10 mM Mes, 150 mM NaCl, pH 5.5, 0.005%
P-20, and 5 mM CaCl2 at 25°C.

FIGURE 3: Specificity of the AMY2-BASI interaction determined
by SPR. Curve A: interaction between AMY2 (155 nM) and
immobilized BASI shown as RU monitored from 0 to 250 s for
association and dissociation from 250 to 550 s. Curve B: lack of
interaction for AMY1 (1166 nM). The measurements were carried
out in 10 mM Hepes, 150 mM NaCl, pH 7.4, 0.005% P-20, and 1
mM CaCl2 at 25°C.
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Ca2+, Ionic Strength, and pH Dependence of BASI Binding
to AMY2.The crystal structure of the AMY2-BASI complex
contains a fully hydrated Ca2+ ion at the protein interface
(Figure 1) that has been suggested to stabilize the complex
(13). To understand its functional role, the Ca2+-dependent
binding of AMY2 to immobilized BASI was explored at pH
5.5, the optimum for starch-degrading activity of AMY2 (38)
(Table 1). In the [Ca2+] range of 2× 10-3 to 80 mM a
modest but significant 3-fold increase in affinity of AMY2
for BASI occurred at pH 5.5 and [Ca2+] g 40 mM. A 4-fold
increase was determined at pH 7.4 where binding is also
tighter, whereas at pH 6.5 a 30-fold improvement of the
affinity occurred by increasing the [Ca2+] from the micro-
molar range to 5 mM (Table 1). The effect on the individual
rate constants indicated that Ca2+ enhanced the binding of
AMY2 to BASI mainly by reducing the rate of dissociation
of the complex.

The AMY2 crystal structure contains three structural Ca2+

ions believed to be critical for the stability and activity of
the enzyme (15, 39, 40). Indeed, no binding of AMY2 to
immobilized BASI was detected in the presence of 3 mM
EDTA at pH 7.4 (data not shown). A short injection of 50
mM EDTA in fact efficiently removed AMY2, hence
regenerating the sensor chip surface (data not shown). When
activity of AMY2 toward blue starch was assayed in the
presence of 3 mM EDTA, it was reduced by 90% compared
to conditions without EDTA (data not shown). These results
support that the presence of free Ca2+ was essential for the
AMY2 activity, and therefore discrimination by EDTA
between the Ca2+ ions bound in the free enzyme and in the
inhibitor complex was not possible.

General ionic strength dependence was determined at NaCl
concentrations in the 0-1 M range (Table 2). The affinity
was only less than 3-fold decreased at 1 M NaCl, as caused
by small effects of bothkon andkoff, suggesting a minor role

of long-range electrostatic forces for the association and
dissociation kinetics.

The pH dependence of the AMY2-BASI interaction was
analyzed in the range from pH 5.5 to pH 8.0 (Table 3). The
KD was critically dependent on pH, and whilekoff increased
20-fold upon lowering pH from 7.4 to 5.5,kon did not change.
The determined value forKD of 31.3 nM at pH 5.5 was
comparable withKD ) 25.0 nM at 27°C obtained by ITC
(see below).

Temperature Dependence of BASI Binding to AMY2.The
binding kinetics of the AMY2-BASI complex was analyzed
at five different temperatures from 5 to 40°C with either
BASI or AMY2 bound to the sensor chip (Table 4). The
complex was slightly more stable at lower temperature as
shown by the 3-fold lowerKD. The increase observed for
KD when the temperature was raised from 5 to 40°C was
due mainly to a 12-fold increase ofkoff, kon increasing only
by 3-4-fold. These results showed that theKD is weakly
dependent on the temperature. The van’t Hoff plot of the
variation of KD as a function of temperature (Figure 4)
allowed calculation of the thermodynamic parameters at 25
°C, ∆HvH ) -25.2 kJ mol-1 (BASI as ligand) and-34.0
kJ mol-1 (AMY2 as ligand) and∆G° ) -49.5 kJ mol-1

(BASI as ligand) and-55.3 kJ mol-1 (AMY2 as ligand).
Isothermal Titration Calorimetry Analysis.The AMY2-

BASI binding was characterized by a large exothermic heat
(∆H ) -69 ( 7 kJ mol-1) corresponding to aKD of 25 nM

Table 1: Effect of Ca2+ Concentration on the AMY2-BASI
Interaction Analyzed by Surface Plasmon Resonance at pH 5.5, 6.5,
and 7.4a

CaCl2 (mM)
kon × 10+4

(M-1 s-1)
koff × 10-4

(s-1) KD (nM)

pH 5.5
(2-6) × 10-3 4.9((0.7) 30.0((4.3) 61.2((12.4)
1 6.4((0.3) 26.6((0.2) 41.6((2.0)
5 8.3((1.0) 26.0((0.6) 31.3((3.8)
40 8.1((0.4) 15.1((0.3) 18.6((1.0)
80 8.0((0.5) 15.4((0.5) 19.3((1.4)

pH 6.5
(2-6) × 10-3 6.2((0.9) 18.5((3.1) 29.8((6.6)
0.1 11.0((1.8) 7.2((0.7) 6.5((1.2)
1 16.4((2.8) 4.1((0.4) 2.5((0.5)
5 20.0((3.9) 1.9((0.1) 1.0((0.2)
20 18.0((3.8) 2.0((0.1) 1.1((0.2)

pH 7.4
(2-6) × 10-3 9.4((0.7) 2.9((0.1) 3.1((0.3)
1 11.1((0.4) 1.3((0.2) 1.2((0.2)
5 12.6((3.1) 1.3((0.07) 1.0((0.3)
20 16.0((2.6) 1.6((0.2) 1.0((0.2)
40 15.9((2.1) 1.1((0.1) 0.7((0.1)
80 16.0((2.2) 1.3((0.1) 0.8((0.1)

a The rate constants represent the mean of determinations using five
AMY2 (analyte) concentrations from 20 to 200 nM. Standard deviations
are shown in parentheses. Measurements were performed at 25°C in
10 mM Mes, pH 5.5, 150 mM NaCl, and 0.005% P-20; 10 mM Mes,
pH 6.5, and 0.005% P-20; or 10 mM Hepes, 150 mM NaCl, pH 7.4,
and 0.005% P-20, at the CaCl2 concentrations shown.

Table 2: Ionic Strength Dependence of the Binding of AMY2 to
Surface-Bound BASI at pH 6.5 and 8.0a

NaCl
(mM)

kon × 10+4

(M-1 s-1)
koff × 10-4

(s-1) KD (nM)

pH 6.5
0 18.3((3.5) 2.0((0.1) 1.1((0.2)
150 13.5((2.0) 2.6((0.07) 1.9((0.3)
300 13.8((3.2) 2.9((0.08) 2.1((0.5)
500 11.9((1.4) 3.1((0.03) 2.6((0.3)
1000 10.5((1.2) 3.4((0.02) 3.2((0.4)

pH 8.0
0 15.0((2.6) 1.7((0.1) 1.1((0.2)
150 14.3((3.0) 1.6((0.2) 1.1((0.3)
300 10.9((1.2) 2.5((0.4) 2.3((0.4)
500 10.5((1.6) 2.7((0.1) 2.6((0.4)
1000 8.5((1.1) 3.1((0.1) 3.6((0.5)

a The rate constants represent the mean of determinations using five
AMY2 (analyte) concentrations from 20 to 200 nM. Standard deviations
are shown in parentheses. Measurements were performed at 25°C in
10 mM Mes, pH 6.5, 5 mM CaCl2, and 0.005% P-20 or 10 mM Hepes,
pH 8.0, 5 mM CaCl2, and 0.005% P-20, at the NaCl concentration
shown.

Table 3: pH Dependence of the Binding of AMY2 to BASIa

pH
kon × 10+4

(M-1 s-1)
koff × 10-4

(s-1) KD (nM)

5.5 8.3((1.0) 26.0((0.6) 31.3((3.8)
6.0 11.4((2.6) 6.1((0.3) 5.4((1.2)
6.5 13.5((2.0) 2.6((0.07) 1.9((0.3)
7.0 13.5((2.6) 2.5((0.08) 1.9((0.4)
7.4 12.6((3.1) 1.3((0.07) 1.0((0.3)
8.0 14.3((3.0) 1.6((0.2) 1.1((0.3)

a The rate constants represent determinations using five AMY2
(analyte) concentrations from 20 to 200 nM. Standard deviations are
shown in parentheses. Measurements were performed at 25°C in 10
mM Hepes or 10 mM Mes, 0.15 M NaCl, 0.005% P-20, and 5 mM
CaCl2 at pH 8.0, 7.4, 7.0, 6.5, 6.0, and 5.5.
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(27 °C, pH 5.5) and an unfavorable change in entropy (Table
5) as shown using ITC. Figure 5 shows a representative
thermogram and binding isotherm for the AMY2-BASI
interaction. The calorimetric determination ofKD for the
AMY2-BASI interaction was not reliable at higher pH (pH
8.0, 37°C, not shown) due to too tight binding (KD g 109

M-1), and only the enthalpy and stoichiometry can be

measured under these conditions (data not shown). The
thermodynamic functions obtained by using ITC were
remarkably temperature-insensitive in the interval from 25
to 55 °C, supporting that the hydrophobic effect was
substantial. The binding reaction was characterized by a∆Cp

of -0.93 kJ K-1 mol-1 (Figure 6), which is comparable to
typical values observed for protein-protein interactions
ranging from-0.8 to -2.9 kJ K-1 mol-1 (41).

Conformational changes occurring during complex forma-
tion may be assessed from relationships that correlate
structure with binding thermodynamics (42, 43). By using
an empirical equation developed by Xie and Freire (see
Methods in ref35), the∆Cp (-0.93 kJ K-1 mol-1) and∆H60

(-106 kJ cal mol-1) values for the AMY2-BASI interaction
infer that ∆ASAap ) 1142 Å2 and ∆ASApol ) 1117 Å2,
yielding a total 2259 Å2 surface area buried in the complex.
This value is in excellent agreement with the 2355 Å2 found
for the AMY2-BASI interface in the crystal structure (13).
The calculation thus supports that minimal structural change
occurs in AMY2 or BASI during binding. WhileKD showed
only a 1.2-fold difference at pH 5.5 whether measured by
ITC or SPR, the calorimetric enthalpy was much larger than
the van’t Hoff enthalpy determined from the SPR binding
constants (Figure 4) or from the calorimetrically estimated
binding contants. These van’t Hoff enthalpies were in the
range from-25 to -34.0 kJ mol-1 from linear van’t Hoff

Table 4: Temperature Dependence of the AMY2-BASI Interaction
Measured by SPRa

temp (°C)
kon × 10+4

(M-1 s-1)
koff × 10-4

(s-1) KD (nM)

BASI immobilized
5 4.5((0.2) 0.3((0.1) 0.7((0.2)
15 7.4((0.6) 1.0((0.6) 1.4((0.8)
25 11.9((1.6) 2.0((0.1) 1.7((0.2)
35 18.0((3.5) 3.7((0.5) 2.1((0.5)
40 nd nd nd

AMY2 immobilized
5 6.2((2.6) 0.7((0.5) 1.1((0.9)
15 9.3((4.6) 0.8((0.5) 0.9((0.7)
25 9.2((3.2) 3.2((0.05) 3.5((1.2)
35 15.7((3.6) 6.7((1.4) 4.3((1.3)
40 16.5((4.7) 8.5((1.4) 5.2((1.7)

a Kinetic constants were obtained in 10 mM Hepes, pH 7.4, 0.15 M
NaCl, 0.005% P-20, and 5 mM CaCl2 at 5, 15, 25, 35, and 40°C.
Standard deviations are shown in parentheses. nd: not determined.

FIGURE 4: Linear van’t Hoff plot of the AMY2-BASI interaction
assuming a temperature-independent∆H. Upper panel: BASI as
ligand. Lower panel: AMY2 as ligand.∆H° was determined from
ln K ) -∆H°/(RT) + ∆S°/R, -∆H/R being the slope.∆G° for the
binding was calculated at 25°C from ∆G° ) -RT ln K°, whereR
) 8.314 J K-1 mol-1 is the gas constant andK° ) KAC°, where
C° is the concentration at the standard state (1 M) andKA ) 1/KD
) kon/koff.

Table 5: Temperature and pH Dependence of the AMY2-BASI
Interaction Determined by ITCa

pH
temp
(°C) KA (M-1)

∆G°
(kJ mol-1)

∆H°
(kJ mol-1)

-T∆S°
(kJ mol-1)

6.8 11 (10( 6) × 107 -44 ( 12 -60 ( 8 16( 15
25 (9( 4) × 107 -45 ( 1 -98 ( 3 53( 3
37 (3( 2) × 107 -49 ( 3 -86 ( 6 37( 7
46 (3( 3) × 107 -46 ( 2 -94 ( 20 48( 20
55 (4( 5) × 107 -47 ( 3 -100( 36 53( 35

5.5 27 (4( 2) × 107 -43.5( 12 -69 ( 7 26( 7
a Thermodynamic parameters were obtained from measurements in

40 mM Hepes, pH 6.8, 0.2 M NaCl, and 5 mM CaCl2 or 40 mM sodium
acetate, pH 5.5, and 5 mM CaCl2.

FIGURE 5: Thermogram and binding isotherm of the AMY2-BASI
interaction. (A) Thermogram of AMY2 titrated with BASI at 11
°C in 40 mM Hepes, pH 6.8, 5 mM CaCl2, and 0.2 M NaCl. (B)
Binding isotherm shown in differential heat mode.

FIGURE 6: Heat capacity change for the AMY2-BASI interaction.
Plot of data from ITC of the AMY2-BASI complex formation to
give ∆Cp ) -0.93 kJ K-1 mol-1. The correlation coefficient of
the fit is 0.9948.
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plots or slightly more exothermic from nonlinear van’t Hoff
plots (not shown). In conclusion, the ITC experiment showed
that BASI and AMY2 bind with favorable enthalpy, unfavor-
able entropy, and minimal structural changes.

Identification of BASI Hot Spots for Dissociation and Their
Role in Thermal Stability of the AMY2-BASI Complex.The
contributions of two charged BASI residues K140 and E168
to the electrostatic binding forces were probed by site-
directed mutagenesis. In accordance with the weak salt
dependence ofkon, substitution of a positively or negatively
charged residue within the AMY2 inhibitory site of BASI
(Figure 1) caused<1.5-fold variation ofkon for the K140L
and E168Q mutants accompanied, however, by a 13- and
5-fold increase inkoff, respectively (Table 6), resulting in
similar increases inKD for the mutants.∆∆G ) ∆Gmutant-
∆Gwild type for K140L and E168Q was calculated at 25°C to
6.1 and 3.9 kJ mol-1, respectively. The result identifies these
two BASI residues as hot spots for suppression of dissocia-
tion of the AMY2-BASI complex.

To further understand the effect onkon and koff, the
temperature dependence of the AMY2 complex formation
with the two BASI mutants was analyzed. Between 5 and
35 °C kon increase<5-fold as compared to a 5-, 12-, and
10-fold increase ofkoff for wild-type BASI and the K140L
and the E168Q mutants, respectively (Table 6). Above 35
°C the K140L mutant was found to be unstable, and hence
no binding to the immobilized AMY2 was detected. In
contrast,kon andkoff for E168Q BASI both increased 6-10-
fold with increasing temperature from 5 to 40°C, resulting
in essentially unaffectedKD (Table 6). By comparison with
recombinant wild-type BASI, where the rate constants
increased 3-12-fold in the same temperature range (Tables
4 and 6), exchange of the positively charged K140 slightly
weakened the complex and seemed to lead to destabilization
of the BASI structure.

The structural integrity of the BASI mutants and effect
on AMY2 binding were further evaluated by real-time
binding kinetics to immobilized savinase, a subtilisin-type

protease that does not share binding area with AMY2 (17).
As the binding kinetics for savinase of the K140L and E168Q
single mutants in the AMY2 binding site of BASI was
essentially unchanged compared to BASI wild type, the
observed effects on AMY2 binding (see above) were specific
and not due to changes of the overall structure of BASI
(Table 7).

Thekoff for the interaction of the AMY2-BASI complex
with savinase was similar to that of BASI, while thekon for
the complex was weakly reduced by 1.7-fold (Table 7). All
together, these results identify savinase as a target protease
for BASI (KD ) 17.8 nM) and indicate thatR-amylase
binding does not modulate and is independent of the
interaction of BASI with protease.

DISCUSSION

Differences and Similarities to OtherR-Amylase/R-Amy-
lase Inhibitor Complexes. The presence of a fully hydrated
Ca2+ at the center of the protein-protein interface in the
AMY2-BASI complex, which is not observed in the
structure of the free enzyme, makes AMY2-BASI unique
among the known crystal structures ofR-amylases in
complex with proteinaceous inhibitors (13). Thus BASI does
not bind directly to the three catalytic carboxyl groups in
AMY2, but instead the Ca2+ via water molecules connects
the three catalytic acids of AMY2 with side chains in BASI.
In other types ofR-amylase/protein inhibitor complexes the
catalytic acids in the enzyme and the inhibitor directly
interact (18-20), while in one case indirect interaction
through a water molecule exists (21). BASI prevents substrate
access to the active site by steric hindrance while substrate
mimicry has been described for otherR-amylase plant
inhibitors (for review onR-amylase plant inhibitors, see ref
22).

Kinetics and Energetics. A detailed analysis of the
energetics and kinetics of the interactions betweenR-amy-
lases and their proteinaceous inhibitors is required for better
understanding of the molecular recognition principles and
the mechanism of inhibition. Such insight will be helpful in
the design of novel inhibitors and target enzyme variants.
In the present work the binding kinetics and thermodynamics
for the complex between AMY2 and BASI were described
by using SPR and ITC.

The AMY2-BASI binding was in accordance with a
simple 1:1 binding model when using either AMY2 or BASI
immobilized on the sensor chip surface. The equilibrium
binding constant (KD ) 1.1 nM at pH 8.0, 5 mM CaCl2, 25
°C) for the complex was in agreement both with the

Table 6: SPR Analysis of the Temperature Dependence of the
Interaction between Immobilized AMY2 and Mutants of BASIa

temp (°C)
kon × 10+4

(M-1 s-1)
koff × 10-4

(s-1) KD (nM)

recombinant BASI
5 7.6((3.8) 1.3((0.7) 1.7((1.3)
15 11.2((2.1) 2.2((0.4) 2.0((0.5)
25 16.0((2.9) 2.8((0.2) 1.8((0.3)
35 21.0((2.2) 6.8((1.8) 3.2((0.9)
40 20.2((7.6) 9.2((4.7) 4.6((2.9)

K140L
5 11.4((7.2) 8.1((1.3) 7.1((4.6)
15 17.6((7.1) 11.1((0.9) 6.3((2.6)
25 17.1((3.1) 35.8((1.7) 20.9((3.9)
35 13.4((5.7) 98.3((67.5) 73.4((59.3)
40 no binding detected

E168Q
5 6.2((2.6) 1.9((0.8) 3.1((1.8)
15 13.4((5.9) 3.1((0.8) 2.3((1.2)
25 14.5((3.0) 12.6((1.7) 8.7((2.1)
35 31.4((12.6) 19.7((3.6) 6.3((2.8)
40 36.1((4.5) 18.3((2.7) 5.1((1.0)

a Kinetic constants were obtained in 10 mM Hepes, pH 7.4, 0.15 M
NaCl, 0.005% P-20, and 5 mM CaCl2 at 5, 15, 25, 35, and 40°C.
AMY2 was immobilized, while recombinant wild-type BASI and BASI
mutants were analytes. Standard deviations are shown in parentheses.

Table 7: SPR Analysis of the Interaction between BASI Mutants or
the AMY2-BASI Complex and Immobilized Savinasea

analyte
kon × 10+4

(M-1 s-1)
koff × 10-4

(s-1) KD (nM)

BASIb 25.7((4.5) 46.2((1.8) 17.8((3.2)
rBASI 20.2((7.0) 41.8((1.9) 20.7((7.2)
K140L 26.7((3.5) 49.9((1.1) 18.7((2.5)
E168Q 16.9((1.4) 44.1((3.5) 26.1((3.0)
AMY2-BASI 14.7((2.8) 40.3((1.3) 27.4((5.3)
a Kinetic constants were obtained in 10 mM Hepes, pH 7.4, 0.15 M

NaCl, and 0.005% P-20 at 25°C. Standard deviations are shown in
parentheses.b BASI purified from barley seed.
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measurement of binding by ITC and with the inhibition
constant (Ki ) 0.22 nM) previously measured by AMY2
activity inhibition assays using insoluble blue starch as
substrate (44). The high affinity of the AMY2-BASI
complex was mainly due to a slowkoff ) 1.6× 10-4 s-1 (in
10 mM Hepes, pH 8.0, 5 mM CaCl2, 25 °C), whereaskon )
14.3× 10+4 M-1 s-1 was in the range typical for protein-
protein interactions of 105-106 M-1 s-1 (45-47). In
comparison, interactions that are dominated by electrostatic
steering can havekon above 4× 109 M-1 s-1, while steric
and orientation effects can reducekon to 103 M-1 s-1 (45,
48-50). Moreover, the weak dependence ofkon on the ionic
strength supported that long-range electrostatic attraction was
not playing the major role in the AMY2-BASI formation.
In agreementkon was not significantly changed when a
positively or negatively charged residue of BASI involved
in the AMY2 binding site was exchanged by site-directed
mutagenesis.

Since a previous stopped-flow fluorescence spectroscopy
analysis of the AMY2-BASI complex formation (14)
indicated a tight, fast two-state binding reaction, we also
made the fitting of the present data using a two-state reaction
mechanism involving a conformational change. However,
as the closeness of this fit both by statistical analysis and by
inspection of the binding curves was quite similar to one
using the 1:1 Langmuir binding model, discrimination of the
two models based on the SPR data alone was not possible.
The kinetic rate constants calculated by the 1:1 binding model
(see above) were fairly close to the reportedkoff (0.7× 10-4

s-1) (14) obtained by stopped-flow fluorescence spectroscopy
analysis, while a 6-fold difference was found forkon (82 ×
10+4 M-1 s-1) (14). The reason for the lower value ofkon

measured by SPR is unclear, but it may stem from effects
of chip surface heterogeneity and reduced diffusion rate
within the dextran hydrogel matrix (51, 52).

pH Dependence and Hot Spots. The binding affinity was
increased 17-fold by increasing the pH from 5.5 to 7, which
was comparable with the 7-fold increase reported previously
using fluorescence titration to monitor the impact of pH on
complex formation (53). This clear dependence ofkoff on
pH may be explained by titration of carboxyl groups and
histidine residues at the protein interface which had some-
what elevated and reduced pKa values, respectively. Among
the contacts reported for the AMY2-BASI complex there
are eight carboxyl groups, Asp150BASI, Glu168BASI,
Asp138AMY2, Asp142AMY2, Glu129BASI, Glu204AMY2,
Asp179AMY2, and Asp289AMY2, of which the four latter are
water-mediated contacts, and two histidine residues
His295AMY2 and His29BASI (13). The Glu168 was selected
for mutational analysis. This residue forms both a salt bridge
to Lys182AMY2 and a hydrogen bond to one of the
Ca2+-coordinated water molecules (Figure 1). Weakened
Ca2+ dependence compared to wild-type BASI (see below)
was observed for E168Q BASI, which indirectly supports
the fully hydrated Ca2+ at the protein interface to play a
critical role (B. C. Bønsager, P. K. Nielsen, M. Prætorius-
Ibba, and B. Svensson, unpublished data).

Electrostatic Screening. Another changed key residue
Lys140 from one of theâ-strands of BASI forms a salt bridge
to Asp142 in domain B of AMY2 (Figure 1). Substitution
of Glu168 with Gln and Lys140 with Leu resulted in 5- and
12-fold decreases, respectively, of the affinity essentially due

to the increase ofkoff. The identification of these two charged
residues as hot spots was in accordance with a dominant
role of short-range electrostatic forces for the dissociation
step as shown by pH dependence and thermal stability of
the AMY2-BASI complex.koff, however, was independent
of the salt concentration, suggesting that global or long-range
electrostatic forces do not play a critical role in the AMY2-
BASI dissociation (54). The lack of effect on the short-range
electrostatic forces by screening with 1 M NaCl showed that
the salt bridges are likely to be shielded in the formed
complex. Interestingly, removal of a positive charge in
K140L reduced the thermal stability of the complex
significantly, while increasing the positive charge of BASI
by the removal of a negative charge had no effect on the
stability. Negative charged residues close to K140 in BASI
include E128 and D150. Thus repulsive electrostatic forces
between those negative surface charges may destabilize
BASI.

Thermodynamics. The formation of the complex between
AMY2 and BASI resulted in an entropy penalty that in
addition to the losses in translational and rotational freedom
may be explained by ordering of AMY2 interfacial residues
upon binding since comparison of the temperature factor
between the free and bound AMY2 crystal structure de-
creased for most interfacial residues (13). TheB-factors of
the residues in free BASI, however, are unknown and must
await structure determination of free BASI. Capturing a Ca2+

ion and its hydrating water molecules also carries a signifi-
cant entropy penalty. This apparently overcomes the entropy
of solvent rearrangement due to binding. The heat capacity
change,∆Cp, for the binding reaction was small, which is
typical for protein-protein interactions that do not in-
volve a large conformational change (35). In accordance,
the calculated accessible surface area from the thermo-
dynamic data indicated that only minimal structural changes
were likely to take place in AMY2 or BASI in the com-
plex.

Comparison of Equilibrium and Thermodynamic Constants
Determined by SPR and ITC. While the KD values for
AMY2-BASI measured by SPR correlated well with the
values acquired by ITC, the calorimetric enthalpy was much
larger than the van’t Hoff enthalpy. However, discrepancies
between van’t Hoff and calorimetric enthalpies have been
frequently observed and may be due to several different
reasons (55-58). These reasons include erroneous concen-
tration of the ligand (resulting in wrong stoichiometry and
wrong estimation of∆H), poor experimental design (resulting
in large statistically correlated errors), regression analysis
of the binding isotherm using equations referring to a wrong
mechanism, and ignoring possible heat effects from changes
in protonization states associated with the binding. Errors
may occur in the determination of binding constants or
enthalpies or both. In our case, we observe reasonably
consistent binding constants obtained from calorimetry and
SPR, so the error most likely lies in the enthalpy measure-
ments. We feel confident that the determinations of protein
concentrations and the experimental protocol for the ITC
measurements are of good standard. The simplest possible
binding mechanism was used in the analysis of the binding
isotherms, and good fits were obtained. However, this does
not exclude that a more complicated binding mechanism may
be the correct one, but which leads to binding isotherms that

AMY2-BASI Binding Kinetics and Energetics Biochemistry, Vol. 42, No. 6, 20031485



mathematically can be described by equations derived from
a simpler mechanism. It is difficult to design experiments
that could test this problem. The most likely source of the
observed discrepancy in the present case is changes in
protonization. Since the titrations were only conducted in
one buffer system (Hepes), it cannot be decided whether there
is a change in protonization. Hepes has a heat of proton
association of-20.01 kJ mol-1. Since the discrepancy
amounts to approximately 55-90 kJ mol-1, more exothermic
enthalpies in ITC are obtained compared to SPR depending
on the conditions. This would correspond to a release of
approximately 3-4 protons from the proteins upon binding,
which seems to be an entirely realistic number from a
protein-protein interaction. Importantly, use of ITC allows
determination of enthalpy independent of the binding reaction
model and is the preferred method for defining thermody-
namic reaction parameters (60). Measurement ofKD is
generally method dependent (59). Thus the small difference
(1.2-5-fold) found forKD whether determined by SPR or
ITC may due to the difference in experimental conditions
associated with each measurement. SPR is a surface-based
technique that involves immobilization of one of the binding
partners, i.e., it is a two-phase measurement, while ITC is a
solution-phase technique where high protein concentrations
and reduced pH were required to determineKD.

The Interface Ca2+. The crystal structure of AMY2-BASI
suggests that the fully hydrated Ca2+ contributes electrostatic
stabilization of the complex (13). In accordance at pH 6.5
the affinity was increased 30-fold by adding Ca2+ to 5 mM.
One may speculate that the 31-fold higherKD at pH 5.5
compared toKD at pH 6.5 reflects weaker binding because
a deprotonated carboxyl and histidine are important. At pH
6.5 the electrostatic binding involving carboxylate reduces
the KD but the protonated imidazole group counteracts
binding, whereas finally at pH 7.4 this repulsion is eliminated
by deprotonation of the histidine side chain. Possible
candidate residues are His29BASI and His295AMY2 (13). In
reality, however, the mechanism of this increase remains
unclear also because of the lack of possibility in discriminat-
ing in such experiments between Ca2+ effects at the level of
the three structural Ca2+ ions in AMY2 and the fully hydrated
fourth Ca2+ at the AMY2-BASI interface.

Conclusion. SPR studies were used to demonstrate a
critical role of Ca2+ in modulating AMY2-BASI dissocia-
tion. Calculations based on thermodynamic data obtained by
ITC indicated that the complex formation only involves
minimal structural changes. The importance of electrostatic
forces for complex formation was demonstrated by identi-
fication of hot spots for dissociation and pH dependence.
However, electrostatic screening by salt was not achieved,
suggesting a minor role for long-range electrostatic forces
in both the binding and dissociation steps and the presence
of stronger short-range electrostatic interactions in the formed
complex. The same principles for electrostatic forces have
also been reported for an unrelated protein-protein interac-
tion between an enzyme and its protein inhibitor (54). Finally,
the work allowed direct comparison of two biophysical
techniques and provides for the first time evidence that
suggests an important role of Ca2+ in the regulation of the
interaction between anR-amylase and its proteinaceous
inhibitor in vivo.
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