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ABSTRACT: MammalianR-amylases catalyze the hydrolysis ofR-linked glucose polymers according to a
complex processive mechanism. We have determined the X-ray structures of porcine pancreaticR-amylase
complexes with the smallest molecule of the trestatin family (acarviosine-glucose) which inhibits porcine
pancreaticR-amylase and yet is not hydrolyzed by the enzyme. A structure analysis at 1.38 Å resolution
of this complex allowed for a clear identification of a genuine single hexasaccharide species composed
of two R-1,4-linked original molecules bound to the active site of the enzyme. The structural results
supported by mass spectrometry experiments provide evidence for an enzymatically catalyzed condensation
reaction in the crystal.

R-Amylase (R-1,4-glucan-4-glucanohydrolase, EC 3.2.1.1)
catalyzes the hydrolysis of theR-(1,4)-glycosidic linkages
of starch components, glycogen and various oligosaccharides.
R-Amylase is a member of family 13 of the sequence-based
classification of glycoside hydrolases (1). These families are
now available at the web site http://afmb.cnrs-mrs.fr/∼pedro/
CAZY/db.html (2).

In an attempt to develop therapeutic strategies against
diabetes, obesity, and hyperlipidemia, extensive research has
been carried out with a view to identifyingR-glucosidase
inhibitors (3-5). Agents having inhibitory effects on pan-
creaticR-amylase and on the sucrase and maltase activities
of intestinal disaccharidases were discovered in vitro in
Actinomycetesbroths (6) and found to give rise to a series
of homologous pseudo-oligosaccharide compounds. These
substances contain a specific structural entity named acarvi-
osine (an unsaturated cyclitol unit linked to a 4,6-dideoxy-
4-amino-D-glucose) (Figure 1), which is the essential struc-
tural unit responsible for the activity of all the inhibitors
belonging to this family. This unit is linked byR-(1,4)-O-
glycosidic bonds to a variable number of glucose residues.
One particular compound, the pseudo-tetrasaccharide acar-
bose (in which the acarviosine unit is linked to a maltose
molecule; Figure 1), is particularly well-known, since it is
used against diabetic diseases. This molecule appears to be
a potent inhibitor ofR-amylases. Crystallographic methods

have been extensively used to analyze the protein-
carbohydrate inhibitor interactions. The strong inhibition is
widely attributed to the binding of the cyclitol unit whose
half-chair conformation mimics the substrate distortion
expected in the transition state. The adjacent glycosidic bond
is N-linked, preventing enzymatic hydrolysis. According to
chemical and enzymatic studies of the degradation of the
acarbose molecule, acid hydrolysis allows breakage of both
O-glycosidic bonds, while enzymatic hydrolysis byR-amy-
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FIGURE 1: Chemical structures of acarbose and compound K2. The
acarviosine moiety is boxed. The solid and dashed arrows indicate
the sites of hydrolysis of acarbose by acid andR-amylases,
respectively (8). Compound K2 is produced from acarbose by
enzymatic removal of the glucose residue at the reducing end.
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lase only allows cleavage of the linkage between the two
glucose units (Figure 1). Therefore, the glucose unit at the
reducing end of the acarbose molecule can be easily cleaved
away byR-amylases; the loss of this glucose unit yields a
pseudo-trisaccharide, acarviosine-glucose, which is not de-
graded by pure preparations ofR-amylases (7, 8). The Ki

constant for acarbose to PPA1 is 9.7 × 10-6 M (9). The
inhibitory activity of the generated pseudo-trisaccharide
compound has been reported to be only 1.7 times less than
that of acarbose (6). This molecule, still highly active both
in vivo and in vitro, constitutes the smallest component
within the series ofR-glucosidase inhibitors belonging to
the trestatin family. It provides an important tool for
investigation of the process, discussed at length and still not
elucidated, which takes place in the active site ofR-amylases
and leads to the presence of an extended ligand species bound
to the active site upon incubation of acarbose with the free
enzyme. This molecule is referred to as compound K2
throughout this paper (Figure 1). We report here an analysis
of the interaction between porcine pancreaticR-amylase and
the K2 molecule used as a probe of the mechanism of this
medically important enzyme.

Porcine pancreaticR-amylase (PPA) is anendo-type
amylase. It catalyzes the hydrolysis of internalR-(1,4)-
glucosidic bonds in amylose and amylopectin via a “multiple
attack” process (processive degradation of the substrate)
toward the nonreducing end (10). The enzyme requires one
essential calcium ion (11, 12) to maintain its structural
integrity, and it is activated by chloride ions (13). The three-
dimensional molecular structure models of porcine (14) and
human pancreatic (15) R-amylases are extremely similar and
so are their interaction patterns with carbohydrate and
proteinaceous inhibitors (16-18). The architecture of the
pancreaticR-amylase (and shared by all other enzymes of
the glycoside hydrolase family 13) consists of three do-
mains: the catalytic core domain (A), comprising a (â/R)8

barrel, contains an extended loop inserted between the third
â-strand and the thirdR-helix (called domain B, residues
100-169). The C-terminal domain (domain C, residues 405-
496) forms a distinct globular unit with 10â-strands forming
a Greek key motif. Elements from domains A and B are
involved in the architecture of the three most functionally
important sites: the active site, the calcium binding site, and
the chloride binding site. An atomic description of the
interactions between the mammalian enzymes and carbohy-
drate inhibitors within the active site depression has been
published along with the refined structures of PPA/acarbose
complexes [which were determined using two different
crystal forms (16, 19)] and HPA/acarbose complexes (17,
18). The X-ray structures clearly show that a subset of
residues is directly involved in binding the inhibitor and/or
is in a suitable position to assist the catalysis. The structural
arrangement indicates that the requirements for hydrolysis
to occur via the general acid hydrolysis mechanism are
satisfied in the mammalianR-amylase structures. The widely
recognized two-step mechanism originally proposed by
Koshland (20) for retaining glycoside hydrolases requires

the presence of two carboxyl-containing amino acids, one
acting as an acid/base catalyst and the other as a nucleophile
responsible for the formation of the glycosyl-enzyme inter-
mediate (21). In view of our crystallographic data (16)
(Figure 2), we suggested that both Asp197 and Glu233 may
be required to produce theâ-linked glycosyl-enzyme inter-
mediate. McCarter and Withers confirmed the role of Asp197
as the catalytic nucleophile (22). Glu233 and Asp300 are
hydrogen-bonded to each other, via an intervening water
molecule (W555), as well as to the nitrogen atom of the
nonhydrolyzableN-glycosidic bond in the acarbose-PPA
complex. As we proposed (16), Glu233 (very close to the
chloride ion) is the most appropriate candidate for the role
of the catalytic acid/base. A scheme of the reaction sequence
at the catalytic center is presented in Figure 2.

X-ray structural analyses of the interaction between the
pseudo-tetrasaccharide acarbose and the mammalianR-amy-
lases showed that a ligand longer than the initial molecule
remained bound to the active site. Because one glycosidic
bond of the acarbose molecule may be hydrolyzed by the
mammalianR-amylase, yielding truncated acarbose mol-
ecules (pseudo-trisaccharide) as well as glucose, the case for
transglycosylation was examined (16, 17, 19). Extended
species have been seen in other family 13 glycoside hydrolase
complexes (23-25). These results led to debate about the
occurrence of either “bi-reaction” mechanisms (condensation
or transglycosilation) or overlapping networks of oligosac-
charides. For theR-amylase family, the discussion was still
open and whether “bi-reaction” occurs in the crystal remained
as yet unproven.

Our current study, which analyzes the interaction between
PPA and K2 (truncated acarbose), provides experimental
evidence that the mammalianR-amylases are able to catalyze
further reactions on the pseudo-trisaccharide product.

MATERIALS AND METHODS

Crystals of PPA were grown at 4°C as in our previous
studies (14). The active center of PPA is not blocked in the
crystal packing and can be easily accessed by external
ligands. This allowed us to obtain enzyme-inhibitor com-
plexes by soaking native crystals in buffered crystal-
stabilizing solutions of the compound of interest. The two
complexes described in the present study were formed by
soaking crystals of PPA in a solution containing 1 mM K2
in 10 mM Tris (pH 8), 1 mM CaCl2, 2 M NaCl, for 24 h at
room temperature and 4°C, respectively. The K2 soaking
experiments were performed at the same concentration as
previously used with the acarbose compound (16). Maximal
enzymatic activity occurs around pH 7, and the enzyme is
still highly active at pH 8. (26, 27). Crystals of the complexed
PPA were isomorphous to those obtained with the free
enzyme.

X-ray data to 1.38 Å (Table 1) were collected from a single
crystal grown at 4°C and soaked at room temperature, on
the ESRF ID14-2 beam line (λ ) 0.933 Å), in Grenoble, at
100 K. X-ray data to 2.3 Å (Table 1) were collected from a
single crystal (grown and soaked at 4°C) frozen to 100 K
for data collection using a Mar-Research Imaging plate
scanner as detector and a rotating anode as X-ray source.
Data processing and reduction were carried out with the HKL
program suite (28).

1 Abbreviations: PPA, pig pancreaticR-amylase; HPA, human
pancreaticR-amylase; BSUA,Bacillus subtilis R-amylase; TAKA-
amylase,Aspergillus orizaeR-amylase; K2, acarviosine-glucose (trun-
cated acarbose) molecule; ACA, acarbose; G5, maltopentaose.

Condensation Reaction in the Active Site of PPA Biochemistry, Vol. 40, No. 25, 20017701



Refinement of the High-Resolution Model.Simulated
annealing was first performed with CNS (29) using the data
recorded between 35 and 1.38 Å with a standard approach.
The behavior of the freeR-factor was monitored; of the
reflection data, 1.6% was set aside for the test set. No
oligosaccharide atoms were included in the model until the
refinement of the protein had reached convergence. It is
worth noting that the initial difference electron density maps

showed well-defined continuous density for the sugar
moieties in six subsites of the active site depression, from
-4 to +2 (nomenclature according to ref30). The introduc-
tion of a single hexasaccharide species bound to the active
site appeared consistent with the subsequent refinement
procedure.

Once refinement with CNS had converged, theR-factor
andRfree were 0.188 and 0.197, respectively; as these values
were rather high and because of the occurrence of appreciable
Fo-Fc electron density peaks on almost every atom, an
anisotropic refinement with the program SHELX-97 (31) was
deemed necessary.

The model was treated isotropically for a few cycles;
subsequently, anisotropic treatment was introduced. TheRfree

factor was monitored to calibrate restraints and weights and
to establish whether this approach was justified. Each
refinement macrocycle in general consisted of 8 cycles of
automatic minimization using the conjugate gradient least-
squares refinement option followed byσA-weighted 2Fo-
Fc andFo-Fc map calculation and manual rebuilding. Rigid-
bond restraint and “similarity restraints” were applied to the
atomic displacement parameters of protein atoms, and an
approximately isotropic behavior was imposed on solvent
atoms.

Restrained anisotropic thermal parameters were first
introduced for Ca2+, Cl-, and S atoms; the resultingFo-Fc

FIGURE 2: Proposed reaction mechanism forR-amylases viewed at subsites-1 and+1. (a) The nucleophile, unambiguously identified by
McCarter and Withers (22) as Asp197, attacks the anomeric carbon with concomitant protonation of the glycosidic oxygen by Glu233,
widely regarded as a general acid/base catalyst. (b) The resulting covalentâ-glycosyl-enzyme intermediate is hydrolyzed by a water molecule
activated by the deprotonated Glu233. (c) The final product with retained anomeric configuration. The role of Asp300 is not known, but
its sequence conservation and its position suggest that it may be essential for regulating the pKa of the general acid/base during catalysis
cycles. Such a pKa cycling of the general acid/base has been demonstrated for a retaining xylanase (39). (d) Binding of the acarviosine
moiety in the acarbose-derived extended ligand (16).

Table 1: Data Collection Statistics

PPA/K2 complexes

soaking
at 20°Ca

soaking
at 4°Cb

space group P212121 P212121

a (Å) 69.28 69.57
b (Å) 113.55 113.23
c (Å) 117.16 117.03

resolution of data
(outer shell) (Å)

35-1.38
(1.42-1.38)

35-2.35
(2.40-2.35)

no. of measurements 507677 125237
no. of unique reflections 184003 38657
Rmerge

c (outer shell) 0.067 (0.451) 0.146 (0.487)
multiplicity 2.8 (2.3) 3.1 (2.9)
〈I/σI〉 (outer shell) 13.10 (2.50) 7.0 (5.0)
completeness (outer shell) (%) 97.04 (96.13) 98.6 (96.3)

a X-ray source was the ESRF beamline ID14-2 Grenoble.b X-ray
source was the rotating anode with Mar-Research plate scanner.c Rmerge

) ∑h∑i|Ih,i - 〈Ih〉|/∑h∑i|Ih,i|.
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Fourier difference map showed the existence of alternate
conformations for S atoms of residues Cys70, Cys115,
Cys141, and Cys450 involved in disulfide bridges. In the
refinement procedure, cysteine and cystine residues were
refined with their occupancies coupled in complementary
fashion. In the subsequent stages, the restrained anisotropic
thermal parameters for all non-H atoms were introduced. In
the refinement procedure, bonding distances for the K2 ligand
were restrained to target values derived from our crystal
structure of the acarbose-complexed PPA (16).

The high-quality electron density maps resulting from
restrained anisotropic refinement allowed modeling of dis-
crete disorder in the enzyme model. Further water molecules
were added to the model; a number of solvent molecules
were refined with occupancy of 0.5 (see Table 2). Electron
density for ethylene glycol molecules originating from the
cryo-protectant was visible, and the molecules were added
to the model. Hydrogen atom positions were generated
automatically by adopting geometric criteria and refined
using a “riding” model. The isotropic atomic displacement
parameters for hydrogen atoms were made dependent on the
equivalent isotropic displacement parameters of the atoms
to which they were attached. The drop in bothR-factor and
Rfree by 6% and 4%, respectively, unambiguously demon-
strated that the anisotropic refinement was meaningful. The
quality of the maps was also substantially improved. A last
conjugate gradient least-squares refinement cycle was
carried out against all data, including the test data set. To
obtain the estimated standard deviations in the atomic
parameters, a final cycle of overlapped block-matrix (BM)
least-squares refinement was carried out, in which the
restraints were turned off. Coordinates of the high-resolution
model of the pig pancreaticR-amylase have been deposited
with the Brookhaven Protein Data bank (32) (accession code
1HXO).

Refinement of the Low Temperature Complex.As in the
previous structure, simulated annealing was performed with

CNS following the same protocol. Even with the starting
phases, clear continuous density corresponding only to the
initial inhibitor structure (three units) was observed in the
binding cleft (subsites-4, -3, -2). Nevertheless, the
electron density maps (withσA-weighting) calculated before
the incorporation of any sugar moiety were carefully
examined.

The structure quality statistics for each structure determi-
nation are described in Table 2. The surface site ligand (Table
2) corresponds to a short oligosaccharide bridging two
enzyme molecules related by a symmetry operator as
previously observed (19, 33).

Mass Spectrometry.Enzyme-catalyzed incorporation of
18O into the K2 molecule using H218O was analyzed by
MALDI-TOF mass spectrometry. The mass spectra collected
included the calculated K2 spectrum and spectra obtained
when K2 was incubated with H218O alone and H218O plus
PPA, respectively (see Mass Spectrometry under Results and
Discussion). The mixture with H218O was composed of 9
µL of H2

18O, 0.5 µL of K2 solubilized in water (10 mg/
mL), and 0.5µL of the PPA buffer (Tris-HCl, 10 mM; CaCl2,
1 mM; NaCl, 10 mM). An enzyme concentration of 15 mg/
mL was used in the experiments. One microliter of sample
was mixed with 1µL of 2.5-dihydrobenzoic acid matrix
(DHB, Sigma); 1µL of the resulting mixture was deposited
on a matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) sample plate. The mixture was allowed to
dry at room temperature and analyzed in the positive
reflectron mode using a voyager DE-RP MALDI-TOF
instrument (Perspective Biosystem Inc., Framingham, MA).
The spectra shown represent the average of 256 laser shots.
Acquisition conditions were as follows: accelerating voltage,
20 kV; grid voltage, 59%; guide-wire voltage, 0.15%;
extraction delay, 50 ns (no mass gate). Each spectrum was
internally calibrated using ions 137,0239 and 273,0399 with
respect to the matrix.

Table 2: Refinement and Structure Quality Statistics for the PPA/K2 Complexes

soaking at 20°C soaking at 4°C
resolution used in refinement (Å) (outer shell) 35-1.38 (1.42-1.38) 35-2.35 (2.40-2.35)
data/parameters (in final cycles of SHELX) 184003/47628
no. of protein atoms 4177b 3937b

discretely disordered residues 48 8
no. of water molecules (full/half occupancy) 551/208 (B < 50 Å2) 577 (B < 50 Å2)
no. of ligand atoms 89 88
no. of ethylene glycol atoms 52 16
no. of ion atoms 5 (1 Ca2+, 4 Cl-) 4 (1 Ca2+, 3 Cl-)
Rcryst

a (outer shell) 12.51 (22.6) 18.06 (21.50)
Rfree(outer shell) 15.35 (24.4) 22.22 (23.27)
Rcrystfor all data 12.53 18.96
mean protein atomsB (Å2) 19.00 15.24
mean main-chain atomsB (Å2) 16.97 15.14
mean side-chainB (Å2) 20.70 19.30
mean solvent atomB (Å2) 35.73 26.92
mean ligand atomsB (Å2) (active site) 29.00 40.17

subsite:-4, -3, -2 48.92, 24.15, 20.71 49.90, 35.03, 29.25
subsite:-1, +1, +2 24.41, 25.26, 29.63 38.38, 48.76

mean ligand atomsB (Å2) (surface site) 46.05 42.90
B value (Wilson plot) (Å2) 15.86 12.96
rms deviation of 1-2 bonds (Å) 0.013 0.016
rms deviation of 1-3 bonds (Å)/angles (deg) 0.030 Å 1.46°
rms deviation of chiral volumes (Å3)/impropers (deg) 0.074 Å3 1.04°

a Rcryst is defined as∑|Fo - Fc|/∑|Fo|. b This apparent discrepancy results from different modeling of alternative conformations in the two structures.
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RESULTS AND DISCUSSION

High-Resolution Model of the PancreaticR-Amylase.The
model, refined at high resolution, clearly showed the presence
of alternate side-chain conformations for 48 residues out of
496. Most of them are located on the surface of the protein,
and two (Glu240 and Ser311) are in the active site area.
Three loop regions showed alternate conformations. Two of
the three, loops 237-241 and 303-311, facing each other,
constitute the surface edge of the active site toward the
solvent. The mobility of these regions suggests that they take
part in the particular processive mechanism of mammalian
R-amylases. The third loop (134-141) is located at the top
of domain B. The three loop regions observed here in
alternate conformation are elements of the flexibility of the
enzyme capable to move in response to inhibitor binding
(16, 17, 19, 34).

Disulfide Bridges. With atomic resolution data, we were
able to look in detail at disulfide bridges of the pancreatic
R-amylase. Alternate conformations of the Sγ atoms were
observed for cysteine residues 70, 115, 141, and 450
(involved in three disulfide bridges: 70-115, 141-160, and
450-462). These structural changes most probably arose
from radiation damage whose effects have been discussed
and reported (see ref35). Negative electron density peaks
(about -9.5σ) at the position of the disulfide bridges

accompanied by positive electron density peaks (about
+10.4σ) in proximity were observed. An example is shown
in Figure 3 with the disulfide bridge between Cys70 and
Cys115, in which both cysteine residues display alternate
conformations. All the disulfide bridges that have been
modified were partially exposed to the solvent.

Chloride Ions. In the mammalian pancreaticR-amylases,
a chloride ion was identified bound in close proximity to
the active site and involved in a network of interactions with
the catalytic residues (16). The chloride ion acts as an
activating effector of the pancreaticR-amylase (13). In the
course of analyzing the water structure, we discovered three
sites showing a strong well-definedFo-Fc electron density.
A water molecule was not sufficient to account for the
observed density, and the stereochemistry of the site was
indicative of chloride ions, with average hydrogen bonding
distances of about 3.2 Å. The introduction of these chloride
ions appeared consistent with the subsequent refinement
procedure with no furtherFo-Fc Fourier difference present.
B-factor values for the ions ranged from 18 to 25 Å2 and
were of a magnitude similar to those of the protein atoms
involved in the interaction. All the chloride ions are found
in the vicinity of the active site (Figure 4).

ActiVe Site Ligand Structure. Condensation Mechanism.
The initial difference electron density map calculated from

FIGURE 3: Electron density maps for the disulfide bridge between Cys70 and Cys115. The 2Fo-Fc electron density map generated with
final phases is contoured at 0.5× 10-3 Å. Alternate conformations of the Sγ atoms have been omitted for calculation of theFo-Fc
difference Fourier map; the positive electron density peaks (contoured at 0.12× 10-3 Å) are shown (darker lines). The final refined coordinates
(with opening of the bridge; thinnest lines) are shown.

7704 Biochemistry, Vol. 40, No. 25, 2001 Qian et al.



the high-resolution model (crystals soaked overnight in K2
solution at room temperature) showed a continuous electron
density corresponding to a hexasaccharide species occupying
the active site from subsite-4 to subsite+2. The incorpora-
tion of a single hexasaccharide appeared consistent with the
subsequent refinement procedure performed using CNS, and
this was reminiscent of previous results obtained with
acarbose (16, 19). However, after convergence of the
refinement procedure, positive electron density peaks oc-
curred in theFo-Fc difference electron density map in

several parts of the ligand. Most of them were found in
catalytic subsite-1 and on the scissile bond (linkage between
subsites-1 and +1). As explained under Materials and
Methods, an anisotropic description of the atomic displace-
ment with the program SHELX-97 (31) was deemed neces-
sary for the ligand structure.

The quality of the resulting electron density maps dem-
onstrated that the anisotropic refinement was meaningful.
The resulting electron density of theR-1,4-linkages between
all six sugar units was well-defined. Two 6-deoxy units,

FIGURE 4: Stereo Molscript (40) diagram showing the relative positioning of the active site (the hexasaccharide ligand is shown), together
with the chloride (4 spheres) and calcium (1 sphere) ions. The central Cl- ion (13) is bound within the carboxyl end of theâ-barrel, in close
proximity to the catalytic center.

FIGURE 5: Stereo electron density for the final hexasaccharide ligand bound to the-4 to +2 subsites of the enzyme. The map shown is
a σA-weighted 2Fo-Fc electron density contoured at 0.5× 10-3 Å. The figure was prepared using TURBO-FRODO (41).
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bound to subsites-3 and+1, were identified (unambigu-
ously supported by the very well resolved electron density
maps; see Figure 5). Electron density corresponding to the
glucose residue bound to subsite+2 allowed modeling of
the pyranoside ring in which the O6 atom had an alternate
conformation; the density at this subsite revealed that the
O1 hydroxyl on the anomeric carbon was present as a
mixture of both anomers as a result of mutarotation with
theR-anomer present with an occupancy of about 0.74 and
theâ-anomer 0.26. The electron density maps at subsite-1
obviously accommodated the2H3 half-chair conformation of
the cyclitol moiety. Given the quality of the whole electron
density maps which allow an accurate description at the
atomic level of the model, the structure of the hexasaccharide
could be defined as composed of twoR-1,4-linked K2
molecules; a close-up view of the newly formed glycosidic
bond is shown in Figure 6. The glycosidic bond torsion
angles and hydrogen bonds of the ligand are detailed in Table
3. The similarity between the torsion angles obtained in the
present model and those observed in an intact maltopentaose
bound toBacillus subtilisR-amylase (36) is shown. Particu-
larly interesting are the torsion angles, around the glycosidic
bond-2/-1, which characterize the newly formed glycosidic
bond between the twoR-1,4-linked K2 molecules. In both
structures, these values are almost identical, which is
consistent with the proposed structure; it should be noted

that a same value was also observed in the ACA/PPA ligand
(16). The cyclitol unit bound to subsite-1 is clearly distorted
toward a2H3 half-chair with a torsion angle C2-C1-O5-
C5 of 13° (in the cyclitol unit, O5 is replaced by a carbon
linked by a double bond to C5). This planarity resembles
the planarity that exists in the transition state. This torsion
angle is-62° in the sugar ring bound to subsite+2; it shows
similar values in sugar rings bound to subsites-3, -2, and
+1; this torsion angle is-63° in the 4C1 chair minimum
energy conformation (37).

In addition, to test the validity of our model, a refinement
of the individual crystallographic occupancies of sugar units
was performed without imposing any restraints. From the
nonreducing end of the ligand (subsite-4) to the reducing
end (subsite+2), the occupancies refined to the following
values: 0.82, 0.95, 0.97, 0.90, 0.95, 0.91, which confirm
that the observed hexasaccharide is mainly composed of a
genuine single species and not of an overlap of K2 molecules.

After modeling the carbohydrate moieties, the protein, and
the solvent and location of hydrogen atoms, refinement
converged to anR-factor of 12.51% and anRfree of 15.3%.
Final refinement against all reflections, including those
previoulsy set aside forRfree calculation, resulted in an
R-factor of 12.53%, and the largest peak and hole in the
difference Fourier synthesis correspond to 0.28,-0.21 ×
10-3 Å, respectively.

FIGURE 6: Close-up view showing the 2Fo-Fc electron density (1.6σ contoured) around the newly formed-2/-1 glycosidic linkage
between the two K2 molecules. The acarviosine moiety of the K2 molecule at the top is bound with its cyclitol unit and 4,6-dideoxy-4-
amino-D-glucose at subsites-1 and+1. The glucose ring of the K2 molecule, at the bottom, is bound to subsite-2.

Table 3: Torsion Angles around the Glycosidic Bonds and O2-O3′ Hydrogen Bond Distances

æ (O5-C1-O4′-C4′) (deg) ψ (C1-O4′-C4′-C5′) (deg) O2-O3′(Å)

PPA/K2a PPA/ACAb BSUA/G5c PPA/K2a PPA/ACAb BSUA/G5c PPA/K2a PPA/ACAb BSUA/G5c
glycosidic

linkage 20°Ca 4 °Ca 20 °C 20°C 4 °C 20°C 20°C 4 °C 20°C
-4/-3 91.99 126.74 -120.37 -174.35 #d 2.53
-3/-2 123.40 115.30 116.16 127.2 -110.11 -109.74 -107.01 -107.2 2.72 2.73 2.72 2.7
-2/-1 89.36 75.13 89.89 86.0 -156.20 -143.98 -150.12 -153.7 # # # #
-1/+1 30.02 15.47 17.82 25.5 -141.95 -145.51 -149.11 -148.6 # # # #
+1/+2 115.37 113.50 109.7 -116.06 -99.52 -116.8 2.58 2.84 2.7

a Present structures, soaking conditions.b (15), PDB File Name 1PPI.c (32), PDB File Name 1BAG.d #, no hydrogen bond.
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Structure analysis at the atomic level unambiguously points
to the presence of a hexasaccharide species composed of two
R-1,4-linked original molecules bound to the active site of
the enzyme. This is important because it implies that an
enzyme-catalyzed condensation occurred in the crystal to
give a hexasaccharide product.

Mass Spectrometry. A prerequisite to any enzymatic
condensation event generating a hexasaccharide species from
K2 is the formation of a competent glycosyl-enzyme
intermediate from K2, which can lead to either condensation
or regeneration of K2. Using H218O as a probe, we have tried
to find evidence for the generation of a K2-based glycosyl-
enzyme with PPA. If PPA was indeed able to reach the
glycosyl-enzyme intermediate stage with K2, then incubation
with H2

18O would yield a higher incorporation of18O in the
presence of PPA than in a control experiment without
enzyme.

The calculated mass spectrum of K2 (Figure 7A) showed
one peak at them/z value of 506.18 Da corresponding to
the theoretical mass of K2+Na+, i.e., 506.184 Da. When
K2 was incubated in H218O alone for 19 h, a slight increase
of the intensity was noticed atm/z ) 508.15 indicative of a
weak spontaneous exchange of16O by18O (Figure 7B). When
PPA was added to the mixture, a significant increase of the
intensity of this peak was observed (Figure 7C). The reaction
diagram shown in Figure 8A illustrates the incorporation of
18O into K2 according to the mechanism widely proposed
for retainingR-glucosidases. In such a reaction, the enzyme
attacks the C1-O1 bond of the reducing glucose ring, giving
rise to the glycosyl-enzyme intermediate. The incoming
solvent molecule (H218O) then acts as the nucleophile in the
breakdown of the intermediate, resulting in the formation
of a product in which18O is incorporated into the reducing
end of the K2 molecule. As a consequence, PPA appears to
be able to “turn-over” K2 and, therefore, to reach the
glycosyl-enzyme intermediate stage necessary for the con-
densation reaction.

In the crystal, a similar reaction may take place with the
initial K2 molecules bound in the-3, -2, and-1 subsites
(see Figure 8B). As an alternate nucleophile, a K2 molecule
can probably attack the glycosyl-enzyme intermediate and
produce a pseudo-hexasaccharide species by condensation.
Probably after a translation in the active site, the condensation
product accumulates in the crystal, bound to subsites-4 to
+2 in a nonproductive mode. This condensation product can
only accumulate after a migration in the active site in order
to escape rehydrolysis. Such a migration has also been
mentioned with TAKA-amylase/acarbose complexes (24).
The inhibitory properties of compounds made like that
produced by the condensation reaction have been measured
and found to be approximately 100 times better than that of
K2 (6). This very large increase in affinity probably explains
the accumulation (according to the subsite affinity profile)
of condensed products in the crystal.

Whether an extended species as observed in the crystal
may be released in the medium remains unproven. Our
attempts to find evidence for the condensation product in
redissolved crystals have failed.

Low Temperature Complex. The hydrolytic activity of PPA
is strongly reduced at low temperature (38), and it is likely
that the same reduction occurs for the condensation reaction.
Accordingly, an experiment was designed in which the

crystal was kept at low temperature throughout the entire
experiment. Crystals were grown and soaked at 4°C (for
24 h) and frozen for X-ray data collection (see Materials
and Methods and Table 1). In such conditions, the accumula-
tion of the hexasaccharide species was not observed. The
results show strong binding of the K2 molecules at the
entrance of the active site cleft (subsites-4, -3, -2). No
sugar density could be detected in subsite+2; a weak

FIGURE 7: Mass spectra showing the relative intensity of the peak
corresponding to the incorporation of18O in K2. (A) Calculated
spectrum showing the isotopic profile of the starting K2 compound.
(B) MALDI spectrum when K2 has been incubated in H2

18O alone.
(C) MALDI spectrum when K2 has been incubated in H2

18O with
PPA.
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discontinuous electron density was observed in subsites-1
and+1; no carbohydrate could be modeled in these subsites.
Given the low catalytic activity of the enzyme at low
temperature, the K2 molecule probably did not undergo
serious turnover. Only unproductive binding of the molecule
(subsites-4 to -2) occurred and dominated the binding
scheme (under these unfavorable conditions of temperature).

It seems clear that accumulation of an extended species
longer than the initial molecule in the active site of PPA
does not occur when the reaction has been carried out under
unfavorable conditions. This again is in favor of an enzyme-
catalyzed reaction.

The present results have to be related to previous results
obtained upon incubation of PPA with acarbose (16, 19),

FIGURE 8: Schematic figure showing a possible bimolecular mechanism for the formation of the pseudo-hexasaccharide species observed
in the active site. (A) Incorporation of18O from H2

18O. (B) Condensation reaction of two molecules of K2.
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because K2 is the product obtained when acarbose is
hydrolyzed byR-amylase (8). With both molecules, the same
pseudo-trisaccharide structure is observed bound to subsites
-1, +1, +2, identically linked to a glucose residue bound
to subsite-2; torsion angles around the glycosidic bond
-2/-1 are very similar (see here above and Table 3). Taken
together, our data and observations strengthen the proposal
of Nahoum et al. (17) that upon interaction with pancreatic
R-amylase, acarbose undergoes a transglycosylation, a reac-
tion similar, after cleavage of the glucose residue at its
reducing end, to the condensation reaction of K2.

The present study provides clear evidence that the
condensation reaction does occur in the crystal and sheds
light on the main rules underlying the inhibition mechanism
of R-amylase by the trestatin-derived inhibitors. Our results
show that the structure of the species bound to the active
site is similar to that of the higher homologues in the trestatin
family providing the strongest inhibition ofR-amylase.
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