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ABSTRACT: An X-ray structure analysis of a crystal of pig pancreatic a-amylase (EC 3.2.1.1) that was
soaked with acarbose (a pseudotetrasaccharide a-amylase inhibitor) showed electron density corresponding
to five fully occupied subsites in the active site. The crystal structure was refined to an R-factor of 15.3%,
with a root mean square deviation in bond distances of 0.015 A. The model includes all 496 residues of
the enzyme, one calcium ion, one chloride ion, 393 water molecules, and five bound sugar rings. The
pseudodisaccharide acarviosine that is the essential structural unit responsible for the activity of all inhibitors
of the acarbose type was located at the catalytic center. The carboxylic oxygens of the catalytically competent
residues Glu233 and Asp300 form hydrogen bonds with the “glycosidic” NH group of the acarviosine group.
The third residue of the catalytic triad Asp197 is located on the opposite side of the inhibitor binding cleft
with one of its carbonyl oxygens at a 3.3-A distance from the anomeric carbon C-1 of the inhibitor center.
Binding of inhibitor induces structural changes at the active site of the enzyme. A loop region between
residues 304 and 309 moves in toward the bound saccharide, the resulting maximal mainchain movement
being 5 A for His305. The side chain of residue Asp300 rotates upon inhibitor binding and makes strong
van der Waals contacts with the imidazole ring of His299. Four histidine residues (His101, His201, His299,
and His305) are found to be hydrogen-bonded with the inhibitor. Many protein—inhibitor hydrogen bond
interactions are observed in the complex structure, as is clear hydrophobic stacking of aromatic residues
with the inhibitor surface. The chloride activator ion and structural calcium ion are hydrogen-bonded via

their ligands and water molecules to the catalytic residues.

a-Amylase (a-1,4-glucan-4-glucanohydrolase, EC 3.2.1.1)
catalyzes hydrolysis of a-(1,4) glycosidic linkages of starch
components, glycogen, and various oligosaccharides. In
mammals, a-amylase is present in both salivary and pancreatic
secretions. Amino acid sequence comparison of porcine,
human, mouse, and rat pancreaticamylaseshows a high degree
of homology (Pasero et al., 1986), e.g., between human and
hog the homology is 84% (Qian et al., 1993). Two refined
three-dimensional structures have been reported for fungal
a-amylases: Aspergillus niger acid amylase (Brady et al.,
1991) and Aspergillus oryzae (TAKA) amylase (Swift et al.,
1991). One refined three-dimensional structure has been
recently reported for a mammalian a-amylase from pig
pancreas (Qian ef al., 1993).

Porcine pancreatic a-amylase (PPA)! is an endo-type
amylase. [t catalyzes the hydrolysis of internal a-(1,4)
glucosidic bonds in amylose and amylopectin through multiple
attack toward the nonreducing end (Robyt & French, 1970a;
Prodanov et al., 1984). Two isoenzymes (PPA I and II) are
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! Abbreviations used: PPA, pig pancreatic a-amylase; HPA, human
pancreatic a-amylase; TAKA-amylase, Aspergillus oryzae a-amylase;
CGTase, cyclodextrin glucanotransferase; G, glucose unit; rms, root mean
square; o, standard deviation.

known for pig pancreatic a-amylase (Marchis-Mouren &
Pasero, 1967). They have the same molecular weight but
differ slightly in amino acid composition and isoelectric point
(Pasero et al., 1986; Kluh, 1981).

The enzyme requires one essential calcium ion (Steer &
Levitzki, 1973; Vallee et al., 1959) for its structural integrity,
and it is activated by chloride ions (Levitski & Steer, 1974);
maximal enzymatic activity occurs around pH 7 (Thoma,
1968; Wakim et al., 1969; Thoma et al., 1971; Ishikawa et
al., 1993). Based upon kinetic studies of the action pattern
(Robyt & French, 1970a), it is suggested that the active site
of the pig pancreatic a-amylase contains five subsites for
binding of glucose units, the catalytic attack occurring between
subsites 3 and 4, which is shown in Figure 1a. The malto-
pentaose and higher maltodextrin molecules are good hy-
drolytic substrates (Robyt & French, 1970a). The catalytic
efficiency (kcat/Km) increases with chain length from 2 M-
s~ for maltose up to 1.10” M-t 571 for 410-residue amylose
(Marchis-Mouren & Desseaux, 1989). Maltotriose and
maltotetraose molecules are considered poor substrates which
usually undergo the so-called “bireactions” such as condensa-
tion during the hydrolysis process. Low-resolution X-ray
studies using PPA isozyme I crystals soaked with methyl and
nitrophenyl thiomaltoside revealed two binding sites per
molecule for short substrate analogues and localized the active
site (Payan et al., 1980).

The three-dimensional molecular model of PPA hasrecently
been described in detail; the chloride and calcium binding
sites have been characterized (Qianet al., 1993). Thisrefined
model shows the three residues Asp197, Glu233, and Asp300
close together in the active site. According to sequence
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FIGURE 1: (a) Schematic representation of the active site. Subsites are numbered 1-5 from the nonreducing end. The catalytic attack (A)
occurs between subsites 3 and 4. The glucose reducing end (&) is represented in subsite 5. Subsite 3 is known as the catalytic subsite (Chan
et al., 1984; Braun et al., 1985a,b; Marchis-Mouren & Desseaux, 1989). (b) Structure of acarbose (Schmidt ez al., 1977). The cyclitol unit
is labeled A, the amino sugar unit is labeled B, and the two glucose units are labeled G1 and G2. The trivial name for the entity consisting
of units A-B is acarviosine. (c) Stereoscopic view of the final (2Fgps — Feaic) eXp(ictcaic) electron density map of the bound acarbose inhibitor
at 2.2-A resolution. The labeling of the different units accupying the electron density is G for glucose and AB for acarviosine.
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comparisons (MacGregor & Svensson, 1989) and X-ray
studies, homologous residues have been identified in the
TAKA-amylase active site (Asp206, Glu230, Asp297; Mat-
suura et al., 1984), in barley a-amylase (Aspl179, Glu204,
Asp289; Kadziola, 1993), and in Bacillus circulans CGTase,
(Asp229, Glu257, Asp328; Klein et al., 1992). The refined
PPA structure shows a network of water molecules occupying
the cleft of the active site and hydrogen-bonding with polar
side chains of Asp300, Glu233,and Asp197, with the chloride
ligand Asn298, and with the main chain through Ala307 N
and Trp59 O. Also present in the cleft are aromatic residues
such as Trp58, Trp59, and Tyr62. The loop region between
residues 304 and 309 surrounds the active site from one side
and displays high B-factors.

In the present study, the three-dimensional structure of
native PPA soaked with a carbohydrate a-amylase inhibitor
(acarbose) has been determined to 2.2-A resolution. Our
X-ray analysis revealed a well-defined density corresponding
to five fully occupied subsites in the active site. The X-ray
model clearly presents a subset of residues directly involved
in binding the inhibitor and/or in position to assist catalysis
and locates the activator chloride ion in close proximity to the
inhibitor.

MATERIALS AND METHODS

Crystals of native PPA isozyme I used in this study were
identical to those previously reported for the native structure
determination (Qianet al.,1993). The carbohydrate inhibitor
acarbose was kindly provided by Dr. H. Bischoff (Bayer AG).
The acarbose molecule has a pseudotetrasaccharide structure,
as shown in Figure 1b. A branched unsaturated cyclitol is

connected via an amino group to 4-amino-4,6-dideoxy-D-
glucose, which itself is linked by an a-(1,4)-0-glycosidic bond
toa maltose unit. The K| constant value of the bound acarbose
to PPA is 9.7 X 106 M (Wilcox & Whitaker, 1984).

The active center of PPA is not blocked in the crystal packing
and can be easily accessed by external ligands (Payan et al.,
1980). This allows one to obtain enzyme-inhibitor complexes
by soaking native crystals in buffered crystal-stabilizing
solutions of the compound of interest. The previous soaking
conditions used with modified maltotriose (Payanet al., 1980)
could not be applied with acarbose because of severe crystal
deterioration. In the present study, complexes were formed
by soaking crystals for 48 h at 20 °C in a solution containing
1 mM acarbose in Tris buffer 0.01 M, 1 mM CaCl,, 2 M
NaCl at pH 8.

As for the native crystals (Qian et al., 1993), data collection
was carried out at the NIH national research resource (UCSD)
on a Hamlin/Xuong area detector (Hamlin, 1985) mounted
ona Rigaku rotating anode X-ray generator (Cu Ka radiation,
50 kV, 100 mA, graphite monochromator). Table 1 sum-
marizes statistics for the data sets on the free and acarbose-
complexed PPA.

Crystals of the inhibitor complex were isomorphous to those
of the native enzyme and diffracted equally well. The data
were 95% complete to 2.06-A resolution, the average overall
and final shell I/o values being equal to 21.3 and 9.9,
respectively. The refinement was based on 25 018 independent
reflections in the 8-2.2-A resolution range. The data collected
for the inhibitor complex were scaled against those for the
native PPA crystals and analyzed using the program packages
PROTEIN (Steigemann, 1974) and CCP4 (CCP4 Program
Suite, Daresbury Laboratories).
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Table 1: Statistics of Data Collection and Refinement

native complex

cell parameters (P2;2,2,)

a(A) 56.3 56.2

b(A) 87.8 87.7

c(R) 103.4 103.6
resolution limit (&) 2.06 2.06
no. measurements 111 419 93924
no. unique reflctns 30390 29214
completeness of data set (%) 99 95
Ryym® 4,07 3.6
refinement range (A) 8-2.1 8-2.2
no. reflctns in refinement 29 838 25018
R-factor (%)° 15.6 15.4
no. protein atoms 3910 3910
no. inhibitor atoms 55
no. water molecules 353 393
rms deviations

bond lengths (&) 0.014 0.015

angles (deg) 2.8 2.9

4 Ryym is defined as LypidT(i,hkl) — (I(hkD))|/Zipeid(i,hk]), where i
runs through the symmetry-related reflections. ® The crystallographic R
is defined as L|F, — Fol/L|F|.

The (F, obs,complex — F obs,native) €XP(itcalc native) Map calculated
between 25- and 2.2-A resolution showed continuous, well-
defined, strong electron density in the active site cleft,
corresponding to five fully occupied subsites. Initial phases
for the complex ( ca)c native) Werecalculated from the completely
refined model of the native enzyme (Qian et al., 1993).

For refinement we used the simulated annealing program
XPLOR (Briinger et al., 1987) and followed a protocol similar
to the one for native PPA (Qian et al., 1993). The procedure
started with the refined structure of uncomplexed PPA, with
13 water molecules deleted which overlapped with the observed
initial difference Fourier density in the active site region. The
template of a glucose residue for refinement of the inhibitor
structure was taken from crystallographic data for individual
monosugars, and that for the acarviosine entity (cyclitol and
amino sugar units) was taken from Bock and Pedersen (1984).
All model construction and structure comparison work used
the program TURBO implemented on a Silicon Graphics 4D/
380 computer (Roussel & Cambillau, 1989).

The shape of the initial density enabled us to determine
unambiguously the location in subsite 4 of the amino sugar
residue (residue B in Figure 1b), in which the C-6 hydroxyl
group was missing, and to assign the chain direction based
upon the densities corresponding to hydroxyl O-6 oxygen atoms
of the other residues. Subsequently, residues A and G1 of the
initial acarbose structure could be identified, bound at subsites
3and 5. Atthe position corresponding to the fourth acarbose
residue, no density was observed, while two additional glucose
rings apparently were present at the opposite end of the chain
in subsites numbered 1 and 2 according to the notations of
Figure 1a.

At first only the three identified units of acarbose (named
A, B, and G1 in Figure 1b) were introduced in the refinement
procedure. After the first cycle, a strong, continuous electron
density was observed beyond the cyclitol ring which was
consistent with a maltosyl unit connected to the cyclitol ring
by an a-(1,4)-O-glycosidic bond; the possibility of fitting two
separate molecules to the observed density was checked and
rejected. The five-unit inhibitor molecule was used and
confirmed by the subsequent refinement.

All solvent molecules with densities below 1o in the (2Fgps
~ Fealc) €Xp(icicalc) map and temperature factors above 70 A?
were removed after the first iteration of refinement. The
difference electron density maps also revealed 40 additional
water molecules. The new sites were added to the model,

Qian et al.

FIGURE 2: Quality of the final (2Fops — Feaic) €xp(iccaic) electron
density map at 2.2-A resolution as exemplified at residues 194-197
of the active site.

provided that the electron density was present at a level of at
least 3.5¢ in the (Fobs — Fealc) €Xp(icecalc) maps. The molecules
introduced were inspected visually for correct geometry of
hydrogen-bonding and were given an initial B-factor of 20 A2,

When the R-factor? reached 15.3% in the range 8.0-2.2 A
for 25018 reflections, with a model obeying standard geometry
within 0.015 A in bond lengths and 2.9° in bond angles, and
the (Fops — Feaic) €Xp(ictcalc) map showed no more interpretable
features, refinement was halted, yielding a model consisting
of 3914 protein atoms (i.e., all non-hydrogen atoms), one Ca
ion, one Cl ion, 55 inhibitor atoms, and 393 water molecules.

RESULTS

(a) Difference Electron Density Map and Quality of the
Model. In order to substantiate the further discussions on
enzymatic mechanism and details of the interactions between
enzyme and inhibitor, it is important to verify the quality of
the structures on which this discussion is to be based. Initial
difference Fourier showed clear density in the active site cavity
corresponding to the ligand, while no electron density was
found in the second binding site, which was identified in our
low-resolution studies of PPA (Payan et al., 1980) with
maltotriose analogues. The density in the active center was
strong, and the five subsites were fully occupied. Asexplained
above, the shape of the density enabled us to identify the
6-desoxypranose unit and to determine the chain direction.
The final electron density map and the structure of the inhibitor
are shown in Figure 1c.

At the 1o level of the final (2Fgps — Feae) €Xp(icicalc) map,
all protein and inhibitor atoms have well-defined density
except, as in the native structure, for the first two residues at
the N-terminus. The quality of the model is demonstrated in
Figure 2, showing the observed electron densities for the side
chains of residues in the active site region.

All protein residues that directly contact the bound
pseudopentasaccharide are very clearly observed in the electron
density maps, as are the water molecules. It is noteworthy
that His305, located in the active site cleft, exhibits a well-
defined strong density and a lower temperature factor in the
inhibitor complex structure. The increased order for this
residue is indicative of its participation in the inhibitor binding.

Most residues found to be disordered in the native structure
(Qianet al.,1993) remaindisordered in the inhibitor complex.

2 R-factor = E||Fope| — |Feall/ Z|Fobsl-
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FiGURE 3: Distribution of main-chain dihedral angles for acarbose
complex. +,Non-glycineresidues; 0, glycine residues. The preferred
regions as outlined by Ramanchandran and Sasisekharan (1968) are
indicated.

However, better defined electron density for the residues
Asn53,Met82, Glu369,and GIn435 is observed in the liganded
formof the ecnzyme. This result may berelated toanincreased
overall stability of the complex, as illustrated by the lower
average B value of 12.5 A2 for the complexed structure,
compared to the average B-factor value of 14.1 A2 for the free
enzyme structure.

Thermal parameters for the bound sugar ring atoms differ
slightly between subsites and are of a magnitude similar to
those of the protein atoms involived in the interaction. In
subsites 1 and 5 of the active site sugar unit, atoms exhibit
the highest B values, ranging from 9 to 18 A2, Thermal
parameters for atoms of the acarviosine entity that occupies
subsites 3 and 4 range from 2 to 6 A? for the cyclitol ring
(subsite 3) and from 6 to 13 A2 for the amino sugar (subsite

4
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4). The clear density and the low B-factor values indicate
high order and strength of the inhibitor binding interactions.

A good indicator for the stereochemical correctness for the
model is provided by a (¢,¥) scatter plot (Ramachandran &
Sasisekharan, 1968) Figure 3 displays the (¢,J) angles for
the refined inhibitor complex. Most of the residues fall in
energetically preferred regions with a few exceptions, which
are the same as in the native enzyme structure (Qian et al.,
1993). The torsion angles at the a-(1,4)-O-glycosidic bonds
connecting sugar residues are close to the minimum energy
values allowing formation of 02~03 hydrogen bonds between
adjacent sugar residues, which is characteristic of maltose
and amylose crystals.

(b} Conformational Changes in the Enzyme. The overall
conformation of PPA in the complex is essentially the same
as in the native structure (Qian et al., 1993), with an average
rms deviation value of 0.28 A. Large deviations are observed
only in the region between residues 304 and 309 (Figure 4).
This segment corresponds to the flexible loop identified in the
native structure (Qian ef al., 1993). The moving loop has a
glycine-rich sequence Gly-His-Gly-Ala-Gly-Gly-Ser, which
clearly indicates its flexibility and strongly suggests that its
motion may be important for enzyme function. In the native
structure this fragment of sequence was distinguished as one
of the regions characterized by the highest temperature factors
(Qian et al., 1993). With the bound inhibitor, B-factors of
Gly304 and His305 are reduced from 25 and 35 A2to 5 and
8 A2, respectively. Intherestofthe loop, the B-factors, ranging
from 15 to 32 A2, remain similar to those observed in the
native enzyme for the corresponding residues.

Displacement of the loop in response to the inhibitor binding
can be seen in Figure 5. It moves toward the saccharide, thus
reducing the cleft breadth. The maximum main-chain
movement is 5 A at His305, which approaches the inhibitor
from the solvent side and makes a good hydrogen bond with
the residue in subsite 2. As a result, the loop 304-309 in the
complex forms the surface edge of the cleft, being involved
in the architecture of subsites 2, 4, and 5. Subsite 3 is deeper
in the cleft, while the residue in subsite 1 is above the loop and

Deviation (A)
[

0 WA'MMMWWMW L \

50 100 150 200
Residue number

300 350 400 450 496

FIGURE 4: Root mean square deviation between corresponding main-chain atoms of the free and complexed structures of PPA.
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FIGURE 5: Stereoscopic view of the superimposition of the a-carbon backbone traces in the region of the flexible loop (between residues 300
and 312) for free and acarbose-complexed PPA. The thick lines correspond to the structure of the complex. For clarity, only the side chains
of His305 and Asp300 which move significantly upon inhibitor binding are shown.

Table 2: Hydrogen Bonds in the Active Site of PPA/Acarbose Complex

direct hydrogen bond to protein

water-mediated hydrogen bond to protein

substrate substrate water water
subsites atom protein atom d(A) atom atom d(A) atom protein atom d(A)
1 0-4 Vall63 O 2.72 0-2 0-8926 2.62
0-5 Gln63 NE2 3.18 (0-892%) 0-752 2.72 0-752 Asp356 OD1 2.82
0-6 Aspl65 OD2 3.03 0-752 Trp59 NE1 3.12
0-6 Vall63 0 291
2 0-2 His305 ND1 297 0-3 0-659 2.84
0-6 GIn63 NE2 2.88 (0-659) 0-764 2.89 0-764 Gly306 N 2.93
0-6 Trp59 O 2.76 (0-764) 0-943* 291 0-943 Gly304 O 2.96
3 0-2 Asp300 OD1 2.85
0-2 His299 NE2 3.13
0-3 His299 NE2 2.98
0-3 Asp300 OD2 291
0-6 Asp197 OD1 271
0-6 His101 NE2 2.73
4 0-2 His201 NE2 2.66 0-2 0-610 3.20 0-610 Glu233 0 3.28
0-3 Glu233 OE2 2.76 0-3 0-610 3.14
N-4 Glu233 OE1 2.94 0-5 0-930* 2.99
N-4 Asp300 OD1 3.07
5 0-2 Glu240 OE1 2.78 0-1 0-883* 3.12 0-883 Gly306 O 3.25
0-2 Lys200 NZ 2.74 0-5 0-883 3.21
0-3 Lys200 NZ 3.21 0-2 0-897¢ 2.84
(0-897) 0-690 2.75 0-690 Gly238 O 2.92
0-6 0-930* 3.08
(0-930) 0-659 2.96
(0-659) 0-764 2.89

4 Numbered 1-5 from the nonreducing end. ¢ O-xxx, water molecule; *, only present in the complexed state.

more exposed to the solvent. The described conformational
changes are accompanied by minor readjustment of the
surrounding side chains.

The second important difference between the free and
liganded enzyme structures is found for Asp300, which is also
shown in Figure 5. Though not part of the flexible loop, the
side chain of this residue adopts a distinctly different position
in the complex by rotating approximately 60° around the
CA-CBbond. Asaresult, the carboxyl group gets somewhat
deeper into the cleft, and its OD2 oxygen earlier exposed to
the solvent makes a strong hydrogen bond with the cyclitol
residuein subsite 3. In the free enzyme, OD1 of this carboxyl

isinvolved in a hydrogen-bond network with solvent molecules
bound in the cleft (Qian et al., 1993). Namely, two water
molecules (635 and 555, Figure 6a) bridge across the cleft
from carboxyl of Glu233 to amide of Asn298 and to the main-
chain NH group of Ala307. In the complex (Figure 6b) this
bridging remains intact, but OD1 of Asp300 switches its
hydrogen-bonding from water 635 to 555. At the same time,
water 635 keeps its hydrogen bond with the main-chain NH
group of Ala307 of the flexible loop. Upon inhibitor binding,
the orientation of the Asp300 side chain becomes similar to
that observed for the homologous residue in the free TAKA-
amylase structure (Swift et al., 1991).
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a

FIGURE 6: Hydrogen-bonding involving water molecules in the
immediate environment of the catalytic residues Asp300 and Glu233
for the free PPA structure (a) and for the complexed structure (b).
@, Water molecules. Dashed lines represent hydrogen bond lengths
and alsothe interaction between the chloride ion and one of its ligands,
Asn298 ND2.

Inspection of the solvent molecules observed in the active
site cleft in the free and complexed states indicates that the
inhibitor substitutes 10 ordered water molecules at subsites
2, 3, and 4. No ordered water was found in subsites 1 and
5 in the free enzyme (Qian et al., 1993). Several water
molecules are buried inside the protein in the vicinity of the
binding cleft, near the calcium and chloride binding sites.
Four of them (525, 555, 610, and 635), already present in the
free enzyme structure, are close to the inhibitor molecule.
Table 2 and Figure 8 show that among the ordered water
molecules mediating hydrogen bonds between carbohydrate
and protein, five of them are new molecules accompanying
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the sugar residues. Upon inhibitor binding, water 635, which
in the free structure is directly hydrogen-bonded to Asp300,
is shifted at about 1 A, while waters 555 and 525 keep their
positions and orientations. The geometries of both the CI-
and the Ca?* binding sites remain intact upon inhibitor binding.
In terms of B-factors within the active site, some significantly
lower values are observed. The ordering of the flexible loop
is described above. The thermal parameter values for the
side chain of the residue Asp300 are very different in the
native and complex structures, 27 and 8 A2, respectively. The
B-factor of water 555 is reduced from 13.9 to 3.8 A2, Better
ordering is also observed for histidine 305 with an enhanced
electron density. His299, His201, and His101, also located
in the active center, show lower B-factor values than in the
native enzyme three-dimensional structure.

(¢c) Enzyme-Inhibitor Interactions in the Active Center.
The current study reveals in detail the interactions between
the carbohydrate inhibitor and the mammalian a-amylase.
Figure 7 shows arrangement of protein side chains involved
in interaction with the inhibitor. Table 2 lists major contacts
in each of the five subsites where inhibitor residues are bound.
A schematic diagram is shown in Figure 8.

| The active site region is a V-shaped depression located at
the carboxyl end of the domain A 3-barrel. The walls of this
V-shaped cavity are mainly composed of the loops between
the third 8-strand and the third ¢-helix and between the seventh
B-strand and the seventh a-helix of the barrel. The catalytic
region surrounding the catalytic subsite number 3 (Chan et
al.,1984; Braunet al., 1985a,b; Marchis-Mouren & Desseaux,
1989) is situated in the heart of the cavity. In the complex
structure, the third subsite is occupied by the cyclohexene
ring. The half-chair conformation of this moiety is thought
to act as a transition-state analogue of the putative oxocar-
bonium ion intermediate of glycosidase catalysis (Schmidt et
al.,1977;Goldsmith et al., 1987). Itappearstobesurrounded
by the three carboxyl groups of Glu233, Asp300, and Asp197.
All of them show well-defined orientations with respect to the
nitrogen atom that corresponds to the glycosidic oxygen in
substrate structures. This arrangement unequivocally points
to the place of the catalytic attack.

Oxygens OEl of Glu233 and OD1 of Asp300 flank the
nitrogen that connects rings 3 and 4 of the inhibitor molecule,
making two hydrogen bonds of lengths 2.9 and 3.1 A,
respectively. Aspl97 is close to these two, but it lies opposite
in the cleft at a distance of 3.3 A from the anomeric carbon
C-1of thecyclitol unit. Thisstructural arrangement suggests
important roles of the three residues in the catalytic process.
However, several other residues in the active center of PPA
probably are also of importance. In the third subsite, Tyr62,
which is more deeply located in the reaction center, stacks
onto 'the cyclitol ring. The overall bending of the bound
inhibitor chain looks like a kink in the sugar chain and is
caused by a flip of ring surfaces between subsites 3 and 4.

Of the four histidines present in the active center pocket,
His101 and His299 are involved in the interactions in the
catalytic subsite. His101 is hydrogen-bound to the C-6
hydroxyl group of cyclitol, while His299 makes hydrogen bonds
with O-2 and O-3 of the same residue (Figure 8). His299 in
the liganded structure is very close to Asp300, making several
van der Waals contacts. However, no good direct hydrogen-
bonding of the two histidines with catalytic carboxyl groups
is observed. The two possible orientations of the histidine
ring about the CB—CG bond are indistinguishable in the
electron density map; the choice of the rotation state is clear
for His299, but for His101, hydrogen bonds are possible for
both alternative orientations of the imidazole ring. The
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FIGURE 7: Detailed stereoview of the PPA active site with the acarbose ligand bound.

selected orientation for His101 is based on the better geometry
of the two hydrogen bonds formed by the nitrogen atoms of
theimidazolering. Inthe most probable conformation (Figure
8), the His101 ND1 atom is at a hydrogen-bonding distance
(3.1 A) with the side-chain nitrogen of the calcium ligand
Asn100. Thus, His101 appears to bein a close though indirect
contact with the Ca ion. His299 is in a similar contact with
the Cl ion via a strong hydrogen-bonding with water 525
(Figure 8). In both cases histidines appear to be hydrogen-
bonded with inhibitor hydroxyl groups, which at the same
time make hydrogen bonds with carboxyl oxygens of the
catalytic residues. Indeed the above histidine residues have
been shown to play important roles in the catalytic function
of PPA and other amylolytic enzymes (Ishikawa et al., 1993;
Nakamura et al., 1993). His201 is involved in inhibitor
binding in subsite 4, where it makes a good hydrogen bond
with O-2 of the amino sugar. The fourth histidine in the
active center, His305, is involved in the loop motion described
above, and it makes a hydrogen bond with the sugar residue
in subsite 2.

Although many protein-inhibitor hydrogen bonds are
observed in the complex structure, it should be noted that, as
usually observed in protein—carbohydrate interactions (Vyas,
1991), a substantial part of the hydrogen-bonding potential
of sugar residues is engaged in interactions with solvent water.
Another major feature of the protein-sugar interactions
already analyzed (Quiocho, 1989) is observed in the present
complex: significant nonpolar enzyme~inhibitor interactions
are found in each subsite of the active center. In subsites 1,
2, and 5 there is clear hydrophobic stacking of aromatic
residues Trp58, Trp59, Tyr62, and Tyrl151, with inhibitor
surface below a-(1,4)-0-glycosidic bonds, which are known
to exhibit hydrophobic properties (Johnson et al., 1988). The
phenolrings of Tyr151 and Tyr62 and the indole ring of Trp59
are nearly parallel to the inhibitor’s surface (see Figure 9 for
Trp59). In subsite 4, a similar interaction with side chains
of Leul62 and Vall63 is observed.

(d) Chloride and Calcium Binding Sites. As noted above,
no significant changes in the positons and orientations of
protein groups and bound water molecules around Ca and Cl
ions are observed. The chloride ion lies at a distance of 7.0
A from the point of the catalytic attack represented by the
NH glycosidic bond. Its ligands (Argl95, Asn298, Arg337,
and water 525) form an extensive hydrogen bond network in
which the catalytic residues are also involved (Figure 8b).
Argl95 is hydrogen-bonded with OD2 of Aspl97. Asn298
interacts with carboxyl groups of both Glu233 and Asp300
via a chain of two strong hydrogen bonds mediated by water
555. Water 525 is hydrogen-bonded to the imidazole ring of
histidine 299, which strongly interacts with the side chain of

Asp300. Thisconspicuous arrangement of residues associated
with the Tyr62 forms an anchorage “platform” for the catalytic
subsitein the heart of the V-shaped cavity where the substrate
used to fit, and the chloride ion is nestled in the vicinity.

The caiciumionis 12.4 A apart from the point of the catalytic
attack. Figure 8b shows the pathway of the most intimate
contacts between Ca ion, catalytic center, and Cl ion. The
main-chain NH group of the Ca ion ligand Asn100 is hydrogen-
bonded via a water molecule with OD1 of the catalytic Asp197,
which in turn interacts with Cl- via OD2 as described above.
Thus, residue Asp197 appears to be positioned in the proximity
of both the chloride and the calcium ions. Subsites 4 and §
of the active center are closer to the Ca ion than the rest of
the binding regions. His201 is liganded with Ca ion via its
main-chain carbonyl oxygen and is also strongly hydrogen-
bonded to the fourth inhibitor residue (Figure 8).

DISCUSSION

(a) Acarboseinthe Active Site of PPA. Theresults reported
here suggest that PPA in the crystal is able to transform the
initial acarbose molecule structure (Figure 1b), thus giving
a five-unit product as present in Figure 1¢. In fact, this effect
was very advantageous for the present work because it allowed
us to scrutinize interactions in all five subsites of the active
center. Thisresult, however, is very striking, because normally
hydrolases destroy substrate analogues or inhibitors added,
and we are not aware of any similar examples in the literature.

It was shown that pancreatic amylases can cleave the
reducing end glucose unit from acarbose, while no other bonds
are hydrolysable (Miiller et al., 1980). It is also known that
in the active center of PPA, successive events like hydrolysis,
transglycosylation, and condensation may occur (Robyt &
French, 1970a). As a result, various oligomeric molecules
can be produced, and different sequences of reaction pathways
may be proposed which could happen in the crystal and would
give rise to the final product found in our complex structure.
The resulting ligand observed probably has the highest affinity
for the PPA binding site because its structure is suitable to
occupy the whole enzyme binding region with the acarviosine
unit at the catalytic center. This agrees with the fact that the
strongest inhibition of amylase is associated with components
of higher molecular weight than the acarbose molecule
(Schmidt et al., 1981).

As shown in the above description, the major features of
protein—carbohydrate interactions analyzed by Quiocho (1989)
and Vyas (1991) are present in the PPA /acarbose complex.
Namely, one can identify three types of hydrogen bonds,
stacking interactions, the occurrence of carboxylate side chains
and their role in catalysis, and the presence of ordered water
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FIGURE 8: (a) Schematic diagram of the hydrogen-bonding network in the active site of the PPA /acarbose complex. The chioride ion is shown
in interaction with some of its ligands (Argl195, Asn298, and H,0). The calcium ion is also shown. The subsites are numbered 1-5 and labeled
as explained above (Figure la~c). The asterisks indicate water molecules only present in the complexed state. (b) Schematic representation
of the network of interactions involving the calcium and chloride ions within the catalytic center.
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FIGURE 9: Stacking feature between the plane of the tryptophan ring of residue 59 and the hydrophobic region of the maltose unit bound
at sites 1 and 2 in the PPA /acarbose complex. Dotted surface represents the van der Waals radii of the atoms.

molecules mediating hydrogen bonds between carbohydrate
and protein. Ligand-induced conformational changes bringing
into position functional groups for binding and/or catalysis
are also observed.

Thekink configuration of the ligand observed in the present
study seems dictated by the protein environment and enhanced
bytheligand length. Significant perturbations of the preferred
geometry with torsional flexibilities presumably allowing
saccharides to better fit into the binding pocket have also
been observed in other carbohydrate—protein interactions
(Johnson ef al., 1988; Vyas, 1991).

In the X-ray crystallographic studies of the acarbose—
phosphorylase a complex (Goldsmith et al., 1987), the bound
acarbose molecule is stabilized by a series of 02-O3 hydrogen
bonds between the O-2 hydroxyl of one sugar and the O-3
hydroxyl of an adjacent sugar. Particularly, concerning the
partially ordered cyclitol moiety, the O2-O3 hydrogen bond
between the cyclitol and its neighboring sugar is proposed to
be responsible for the observed order. In the PPA/acarbose
compiex, only the torsion angles at the a-(1,4)-O-glycosidic
bonds connecting sugar residues in subsites 1 and 2 and those
insubsites 4 and 5 allow formation of 02-03 hydrogen bonds,
inagreement with the favored geometry of maltose and amylose
polymers (Johnson er al., 1988; Quiocho, 1989). The
conformation observed for the bound acarviosine (rings A
and B) prevent the formation of such a hydrogen bond and
breaks the preferred helical conformation.

In the TAKA-amylase three-dimensional structure (Mat-
suura et al., 1984), the active site has been located in binding
studies with maltotriose. Only a disaccharide maltose was
observed in a difference density map. It has the OH3 of one
glucose unit hydrogen-bonded to O-5 of the next sugar.

Thorough understanding of the interactions of the PPA
enzyme with carbohydrates will be completed by analysis of
further structure—function studies currently underway.

(b) Protonation State of the Key Active Center Residues.
The nitrogen of the amino sugar makes two hydrogen bonds
with OD1 of Asp300 and OE1 of Glu233. The arrangement
of neighbors around this nitrogen is very close to the tetrahedral
coordination; therefore, it is unlikely that both carboxyl groups
accept the same hydrogen in two bifurcated hydrogen bonds,
but rather there are two protons in this bonding pattern. The
acarbose molecule is known to exhibit weakly basic properties,
i.e., it is able to accept one more proton from the solvent.
Comparison of the two hydrogen bond geometries allows us
toconclude that OE1 of Glu233 is more likely to be protonated.
Its hydrogen bond is shorter than that from Asp300 by 0.2
A, and the orientation of the bond within the OCO plane is
more appropriate for donating a proton. As mentioned
regarding the structure of the native enzyme (Qian et al.,

1993), it must be noted that OE1 of Glu233 is close to the
chloride ion (the distance is 4.8 A) and that there are no
shielding groups between them. Strong electrostatic interac-
tion between these two negatively charged atoms can shift the
pK of the carboxyl group of Glu233 to considerably higher
values.

His101 is most probably in a neutral state, its ND1 atom
accepting a proton from the side-chain nitrogen of Asn100.
This unusual hydrogen-bonding probably is due to the close
proximity of the Ca ion, which is liganded with N100-OD1
(Qian et al., 1993). The second nitrogen of His101 forms an
hydrogen bond with the peptide oxygen of Tyr62. One may
note that the pX of this histidine residue might be shifted
downward because of the close proximity of the Ca ion.

The side chain of Aspl97 is most probably deprotonated.
It accepts several protons from neighboring groups, including
one from O-6 of the cyclitol in subsite 3. Assignment of this
proton is unambiguous since in its other hydrogen bond this
hydroxyl accepts a proton from NE2 of His101.

The hydrogen-bonding pattern of His201 suggests that this
residue is in the protonated state. It is strongly bound to the
main-chain oxygen of Vall57 with its ND1 and makes another
good hydrogen bond (2.7 A) with the C-2 hydroxyl group of
the amino sugar in the fourth subsite. Both of these bonds
have an ideal geometry with linear arrangement of ligands in
the plane of the imidazole ring. The C-2 hydroxyl group
donates its proton to water 610, which in turn donates two
protons to the peptide oxygen of Glu233 and the C-3 hydroxyl
group of the amino sugar. This chain of bonds cannot be
reversed because the latter hydroxyl donates its proton to OE2
of Glu233 and because the orientation of ligands around water
610 is incompatible with the alternative assignment.

The protonation state of another histidine in the proximity
of the catalytic center, His299, is ambiguous owing to the
complex hydrogen-bonding pattern involving ND1 and NE2
(Figure 8).

(c) Possible Function of Protein Groups in Catalysis. A
number of researchers proposed catalytic mechanisms for
a-amylases: Koshland (1954), Mayer and Larner (1958),
Thoma (1968), Wakim (1969), Fisher and Stein (1960), Tao
et al. (1989), and Ishikawa (1990). The first mechanism
suggested (Koshland, 1954) consisted of a nucleophilic
displacement. A double-step mechanism was proposed, where
the intermediate state involved in the process was a covalently
bonded structure. This mechanism was completed (Fisher &
Stein, 1960) by inclusion of a carboxylate anion as the
nucleophilic catalytic group. Tao et al. (1989) reported a
nuclear magnetic resonance study supporting the double-
displacement mechanism with the formation of a 8-carboxyl
acetal ester covalent enzyme-glycosyl intermediate.



The Active Center of PPA

As an alternative, Mayer and Larner (1958) proposed a
mechanism with an acid-type hydrolysis, giving a carbonium
ion intermediate which is stabilized by the enzyme, and
stereospecific hydration of the intermediate to form products.
Later, a general acid—base mechanism was proposed by Phillips
and co-workers (Phillips, 1966; Blake et al., 1967a,b) for
enzyme hydrolysis of O-glycosidic bonds by lysozyme. A
highly refined X-ray structure of an inhibitor complex of hen
egg white lysozyme (Strynadka & James, 1991) provided
evidence for the transfer of a proton from a glutamic carboxyl
(Glu35) to the glycosidic oxygen atom and for an oxocar-
bonium ion transition state. At present, this mechanism is
considered as the most probable for other glycoside hydrolases
including amylases.

Considering the unusually high pH-optimum of pig pan-
creatic a-amylase, which occurs in a neutral pH range, Thoma
(1968) and Wakim et al. (1969) proposed that a histidine
residue may act as a general acid, since a high pK value allows
its imidazole ring to be protonated at physiological pH.
Recently this hypothesis was elaborated by Ishikawa et al.
(1990). These authors suggested that at least three ionizable
residues are involved in the catalytic function of PPA, with
a histidine acting as a proton donor.

Our results provide details of the relative disposition of
atoms in an a-amylase—inhibitor complex that can help in
considering various reaction mechanisms. The acarbose
complex does not provide evidences of a covalent enzyme—
glycosyl intermediate. Fisher and Stein (1960) employed a
carboxylate anion as the nucleophile in a double-displacement
catalytic scheme. Considering our crystallographic results,
one may note that, indeed, the positions of both Asp197 and
Glu233 in principle allow them to be the nucleophilic partner
of the reaction and to produce the 8-linked glycosyl-enzyme
intermediate. However, in the acarbose complex structure,
OD2 of Asp197 is located at 3.3 A and OE2 of Glu233 at 3.5
A from the anomeric C-1 atom of the scissible bond, which
are approximately 1.8 A longer than the expected covalent
bonds. Moreover, the B-factors of the surrounding protein
atoms in the free as well as in the complexed structures are
very low, indicating low mobility of this region.

Acarbose is thought to be a transition-state analogue in
glycosidase catalysis because of the half-chair conformation
of the cyclitol ring resembling the conformation of the
oxocarbonium ion (Goldsmith et al., 1987; Schmidt et al.,
1977). As a matter of fact, the structural arrangement
observed in the acarbose complex indicates that the necessary
requirements for hydrolysis via the general acid hydrolysis
mechanism can be satisfied in the PPA structure. The carboxyl
groups of Glu233 and Asp300 are perfectly oriented for the
transfer of a proton to the glycosidic oxygen atom. Ourresults
suggest that Glu233 is the most appropriate candidate for the
role of the general acid in the first stage of the catalytic process.
Its pK value must be additionally increased with respect to
that of the neighboring aspartic residues because it is very
close to the negative chloride ion.

Inrecent years, functional roles of histidine residues in HPA
(very homologous to PPA) have been examined by protein
engineering, where the histidine residues His101, His201, and
His299 were converted to respective asparagine residues
(Ishikawa er al., 1993). The homologous histidine residues
in CGTase from alkalophilic Bacillus sp. 1011 (His140,
His233, and His327) were also replaced by site-directed
mutagenesis to prove their roles in catalysis (Nakamura et
al., 1993). The first work led to the conclusion that His101
and His299 play an important role in catalysis, His101 being
most directly involved in catalysis. For CGTase it was shown
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that His327 contributed directly or indirectly to the catalysis
over an alkaline pH range.

It is clear from our results that none of the above three
histidine residues found to be conserved in all a-amylase and
CGTase sequences (MacGregor & Svensson, 1989) can act
directly as a proton donor, as proposed by some authors
(Thoma, 1968; Wakim et al., 1969; Ishikawa et al., 1990).
The inhibitor complex structure shows, however, that after
inhibitor binding, His299 becomes closely attached to Asp300,
suggesting that it can be indirectly involved in the function
of the catalytic carboxyl group. Substitution of H299N by
site-directed mutagenesis in HPA dramatically decreases its
activity, although it does not inactivate the enzyme (Ishikawa
etal., 1993). A stronger effect was observed for Bacillus sp.
1011 CGTase when the analogous H327N substitution was
made (Nakamura et al., 1993). Ishikawa et al. (1993) also
reported that the HPA mutant H10IN has a much lower
activity compared to that of H299N mutant and hypothesized
that His101 plays a major role in catalysis. According to our
data, however, His101 hardly can be involved in some proton-
transfer reactions in the catalytic center. Itsprotonationstate
probably is fixed, because its ND1 atom has an acceptor
function in the hydrogen-bonding with a Ca ion ligand, namely
Asnl100. The only possible explanation for the results by
Ishikawa et al. (1990, 1993) that one can propose from our
structural data is that the hydrogen bond made by His101
with the cyclitol ring in subsite 3 may be particularly important
for the stabilization of the intermediate state of the glucose
residue in the catalytic subsite.

The binding of a chloride ion to mammalian a-amylases
causes anincrease in their activities and a shift of their optimum
pH toneutrality (Wakim et al., 1969; Levitzki & Steer, 1974).
The structural arrangement of the active site in the acarbose
complex structure, in which a number of protein residues are
involved in a hydrogen bond network with the chloride ion,
suggests that this ion stabilizes the region and may play a
regulator role in the catalytic mechanism. Based upon our
data, the observed shift of the pH-optimum may be attributed
to the electrostatic repulsion between the chloride and the
negative charge on the side chain of Glu233. This interaction
should stabilize the protonated state of this residue, thus
increasing its pK value. This explanation agrees with the
suggested role of Glu233 as a proton donor in the catalytic
mechanism.

A new structural feature found in the present study is the
motion of the loop involving His305 (Figure 5). This histidine
residue is not conserved in TAKA-amylase as well as in most
of the other amylase and CGTase sequences (MacGregor &
Svensson, 1989), but it is conserved in mammalian a-amylase
sequences (Pasero et al., 1986). In the TAKA-amylase
structure, the homologous loop region is very small, and it
does not protrude into the active site (Swift et al., 1991).
Owing to the loop movement, the opening of the active center
cleft becomes rather narrow in the inhibitor complex of PPA,
and the bound fragment of the substrate analogue becomes
partially protected from solvent. As a result, the substrate in
PPA might be more tightly bound in all five subsites of the
active site region than in the other a-amylases of fungal, plant,
and bacterial origins. One cansuggest that thisloop movement
is involved in specific aspects of the PPA mechanisms, such
as the multiple attack process which appears to be relevant
only for mammalian a-amylases. It may also have a role in
the last stages of hydrolysis, when the newly formed product
needs to be released. Since the loop is hydrogen-bonded to
product molecules from the solvent side, the products may be
pulled out from the active center cleft when the loop returns



6294 Biochemistry, Vol. 33, No. 20, 1994

to its initial conformation. The experimental and theoretical
studies devoted to pancreatic amylases are numerous, and in
the present paper we were not able to consider them all in
detail. For instance, such features as substrate dependence
of pH profiles (Ishikawa et al., 1990) and the multiple attack
mechanism of PPA (Robyt & French, 1970b; Mazur &
Nakatani, 1993) require separate analysis and probably model-
building studies based upon the inhibitor complex structure.

Our results provide the first atomic description of the
interaction between a mammalian a-amylase and its inhibitor,
and they give an accurate basis for further theoretical
developments on the subject.
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