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A new approach for the discovery and subsequent
structural elucidation of oligosaccharide-based inhibi-
tors of �-amylases based upon autoglucosylation of
known �-glucosidase inhibitors is presented. This con-
cept, highly analogous to what is hypothesized to occur
with acarbose, is demonstrated with the known �-gluco-
sidase inhibitor, D-gluconohydroximino-1,5-lactam. This
was transformed from an inhibitor of human pancreatic
�-amylase with a Ki value of 18 mM to a trisaccharide
analogue with a Ki value of 25 �M. The three-dimensional
structure of this complex was determined by x-ray crys-
tallography and represents the first such structure de-
termined with this class of inhibitors in any �-glycosi-
dase. This approach to the discovery and structural
analysis of amylase inhibitors should be generally appli-
cable to other endoglucosidases and readily adaptable
to a high throughput format.

�-Amylases (EC 3.2.1.1) are endoglycosidases that hydrolyze
�(1,4) glucosidic linkages with net retention of configuration at
the anomeric center. From their primary structures, these en-
zymes have been classified into glycosyl hydrolase family 13
(1–3), a family that also includes �-glucosidases and cyclodex-
trin glucanotransferases. Analysis of tertiary structures re-
veals that the catalytic domain of family 13 enzymes, especially
the active site, is very well conserved (4–10). Indeed, a number
of studies have shown that members of this family of glycosi-
dases utilize a common double displacement catalytic mecha-
nism (9, 11–13), in which a glycosyl-enzyme intermediate is
formed and hydrolyzed with acid/base catalysis via oxocarbe-
nium ion-like transition states (14–16).

In humans, the pancreatic �-amylase (HPA)1 is responsible
for cleaving large malto-oligosaccharides to smaller oligosac-
charides, which are then substrates for intestinal �-glucosi-
dases (Fig. 1). This digestion process is important for glucose
absorption from the intestine to the blood, and in principle,
control of HPA activity can be used as a means of controlling
blood glucose levels. In fact, HPA activity has been correlated
to post-prandial blood glucose levels (17–19), and inhibitors of
�-amylase have been successfully used in the treatment of
diseases such as diabetes or obesity where control of the blood
glucose level is essential (20).

Arguably, the most studied inhibitor of �-amylase is the
naturally occurring and commercially available drug, acarbose
(Fig. 2a), which has a Ki value in the low nanomolar range.
This pseudo-tetrasaccharide is composed of a valienamine (un-
saturated cyclitol) linked “�(1,4)” by an amine linkage to 6�-
deoxy-maltotriose. The valienamine portion mimics the flat-
tened sugar ring of the oxocarbenium ion-like transition state,
whereas the exocyclic nitrogen places a proton acceptor in a
position to interact with the acid/base catalyst at the active
site. Indeed, with another family 13 enzyme, the CGTase from
Bacillus circulans, this compound has been demonstrated to be
a transition state analogue (21). As would be expected, struc-
tural studies of acarbose bound to HPA and other family 13
glycosidases have shown the valienamine moiety binding to the
�1 subsite (22), where sugar distortion takes place in the
presumed catalytic mechanism.

Interestingly, when acarbose is bound to HPA in this struc-
ture, it is modified by the enzyme through the addition of a
maltosyl unit to the nonreducing end of the valienamine ring
and the loss of a glucose moiety at the reducing end (Fig. 2a).
The inhibitor therefore occupies all five subsites of HPA (–3
to �2). Similar, although not identical, modifications have
also been seen in structural studies of other �-amylases in
complexes with acarbose (6, 23, 24). Because increased sub-
site occupancy is often associated with an increase in the
overall binding affinity of an inhibitor, such a modification
presumably results in a tighter binding molecule. To date,
however, beyond the crystallographic data for the complex,
there has been no direct evidence for such a product being
formed in solution with �-amylase.

Despite the considerable interest in �-amylases, there are
relatively few other known inhibitors of this group of enzymes.
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From kinetic and structural studies, one would expect that the
greatest transformation of the substrate on going from the
ground state to the transition state will take place on the sugar
occupying the �1 subsite. As such, the interactions at the �1
subsite should be particularly optimized for transition state
binding, and therefore transition state mimics should bind
particularly well at this site.

Because the active sites of other family 13 �-glucosidases are
thought to be structurally similar to that of HPA, it is likely

that transition state analogues of such enzymes will interact
similarly with the �1 subsite residues of �-amylase. Further-
more, it seems reasonable that the affinity of the inhibitor
would correlate, in part, with the number of subsites with
which the compound interacts. Therefore, an �-glucosidase in-
hibitor extended on the reducing and/or nonreducing end by a
malto-oligosaccharide so as to occupy the other subsites should
make a good inhibitor of �-amylases. In the past, the main
difficulty in testing this hypothesis has been in the synthesis of

FIG. 1. A stereo drawing showing
the overall structure of human pan-
creatic �-amylase (5, 12), which is
folded into three domains (domains
A–C). Color conventions used for the
polypeptide chain are: helical regions in
blue, �-sheet regions in red, and coil in
white. The positions of bound chloride (a
catalytic activator) and calcium (a struc-
tural stabilizer) are indicated with large
spheres. Also shown are the bound confor-
mation of the inhibitor product Me2G-
GHIL and the binding subsite locations
�1 and �3.

FIG. 2. a, structure of the �-amylase in-
hibitor acarbose. In crystal structures of
complexes with HPA, acarbose becomes
modified to an extended form. The five
subsites of HPA (-3 to �2) are shown as a
cartoon to illustrate how the sugars bind
to the respective subsites. b, Structure of
GHIL.
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such extended �-glucosidase inhibitors, although some work to
this end has been carried out (25–28).

In this paper, we describe a method to extend �-glucosidase
inhibitors in situ, both in solution and within �-amylase
crystals, by co-addition of an activated substrate. In doing so,
we have been able to show that a potent �-glucosidase inhib-
itor, D-gluconohydroximino-1,5-lactam (GHIL; Fig. 2b) (29),
which is normally a poor HPA inhibitor, is converted into a
useful inhibitor of HPA. Using this method, it should be
possible to assay a wide range of known �-glucosidase inhib-
itors using a facile kinetic screen for HPA inhibition by the
elongated species and then determine the structure of the
elongated species crystallographically.

EXPERIMENTAL PROCEDURES

Materials

All of the chemicals and buffer salts were obtained from Sigma
unless otherwise specified. HPA was purified according to literature
procedures (30). 2-Chloro-4-nitrophenyl �-maltotrioside (CNP-G3) was
a generous gift from GelTex Inc. and can be purchased from Genzyme
Inc. �-Maltotriosyl fluoride (G3F) (31) and GHIL (32, 33) were synthe-
sized according to literature procedures. Syntheses of 2,4-dinitrophenyl
�-maltotrioside and 4�-O-methyl �-maltosyl fluoride (MeG2F) will be
published elsewhere.

Kinetic Analyses

General—All of the studies were carried out at 30 °C in 50 mM

sodium phosphate buffer, pH 6.9, containing 100 mM NaCl, unless
otherwise described. Hydrolysis of CNP-G3 by HPA was monitored
after the addition of enzyme by following the increase in absorbance at
400 nm using a Varian CARY 4000 spectrophotometer attached to a
temperature control unit. The hydrolysis of G3F by HPA was monitored
by following the increase in fluoride concentration upon the addition of
enzyme using an ORION 96–04 combination fluoride electrode inter-
faced to a personal computer running the program LoggerPro (Vernier
Software, Oregon). All analyses of the data were accomplished using the
program Grafit 4.0.21 (34).

Extension Kinetics and Product Analyses—Extension studies were
accomplished by preincubating HPA with G3F (0.2 mM) and acarbose
(180 nM), or G3F (0.4 mM) and GHIL (1 mM). After 1 h, the residual
activity of HPA was measured by the addition of CNP-G3 and meas-

uring the increase in absorbance at 400 nm. Control reactions were
done in the absence of either the G3F or inhibitor.

Product formation in the HPA-catalyzed reaction of G3F with GHIL
was monitored by MALDI-TOF mass spectrometry analysis. G3F and
GHIL were incubated with HPA (0.06 mg/ml) for 1 h at 30 °C in 5 mM

sodium phosphate buffer, pH 6.9, containing 10 mM NaCl. A saturated
solution of 2,5-dihydroxybenzoic acid in deionized water was used as
the matrix. The sample and matrix solutions were mixed in a 1:20 ratio,
and 1 �l of this sample was spotted on the target plate and dried in
vacuo. The MALDI-TOF spectra were collected using a Voyager-DE-
STR (Applied Biosystems) mass spectrometer in reflectron mode with
an acceleration voltage of 20 kV.

Inhibition Kinetics—The Ki values and mode of inhibition were de-
termined by measuring the rate of hydrolysis of either G3F (0.1225–
2.45 mM) or CNP-G3 (0.5–2.0 mM) in the presence of a varying concen-
tration of inhibitor (4–5 points). The data were fit using the program
GraFit 4.0.21 (34) and plotted in the form of a Dixon plot (1/rate versus
[inhibitor]) to allow visual inspection of the data.

Synthesis of Elongation Product

Enzymatic coupling of MeG2F (1.6 mg, 4.5 mmol) and GHIL (1.0 mg,
5.2 mmol) dissolved in 25 �l of 50 mM citrate buffer, pH 6.0, was
accomplished by incubating the two compounds in the presence of
CGTase (2.2 �l, 50 ng/ml) at 30 °C for 16 h. The reaction was monitored
by MALDI-TOF mass spectrometry. After completion, the reaction mix-
ture was freeze-dried, and the residue was purified by column chroma-
tography using a water/acetonitrile solution as eluent (v/v, 1:4) to yield
pure MeG2-GHIL in 70% yield (1.7 mg). Further characterization of the
product was achieved after per-O-acetylation using acetic anhydride in
pyridine overnight. The solvent was evaporated in vacuo, and the
residue was dissolved in EtOAc. The solution was washed with aqueous
HCl (1 M), saturated aqueous NaHCO3, and brine and then dried over
MgSO4. NMR data: 1H NMR (CDCl3, 600 MHz): � 5.81 (bs, 1 H, NH),
5.36 (m, 2 H, H-3, H-3�), 5.33 (m, 1 H, H-3�), 5.13 (d, 1 H, H-2), 5.06 (d,
1 H, H-1�), 4.89 (d, 1 H, H-1�), 4.78 (dd, 1 H, H-2�), 4.74 (t, 1 H, H-4), 4.56
(dd, 1 H, H-2�), 4.46 (dd, 1 H, H-6a�), 4.28 (dd, 1 H, H-6a�), 4.06 (m, 3 H,
H-6b�, H-5, H-6a), 3.93 (m, 2 H, H-6b, H-5�), 3.79 (dd, 1 H, H-6b�), 3.60
(t, 1 H, H-4�), 3.32 (m, 1 H, H-5�), 3.10 (s, 3 H, OCH3), 3.00 (t, 1 H, H-4�),
2.25–1.95 (10 s, 30 H, COCH3).

Structural Determinations

Crystals of HPA were grown using conditions previously described
(22). The HPA/GHIL inhibitor complex was prepared for structural

TABLE I
Structure determination statistics

GHIL/HPA GHIL/G3F/
HPA GHIL/MeG2F/HPA

Data collection parameters
Space group P212121 P212121 P212121
Unit cell dimensions

a 52.8 52.3 52.2
b 68.9 68.6 67.4
c 132.4 131.5 130.2

No. of unique reflections 35,249 34,125 27,904
Mean I/�Ia 24.1 (6.3) 27.6 (11.1) 15.0 (6.4)
Multiplicitya 6.4 (3.4) 9.8 (3.3) 9.3 (2.1)
Merging R-factor (%)a 6.2 (18.5) 6.2 (18.0) 4.8 (19.0)
Maximum resolution (Å) 1.95 1.90 1.95

Structure refinement values
No. of reflections 35155 33966 27842
Resolution range (Å) 10.0–1.95 10.0–1.90 10.0–1.95
Completeness within range (%)a 98.6 (96.9) 89.9 (88.9) 81.3 (80.2)
No. of protein atoms 3946 3946 3946
No. of solvent atoms 175 161 269
Average B factors (Å2)

Protein atoms 20.4 20.2 19.8
Solvent atoms 29.3 29.8 24.6

Final R-factor and R-free (%)b 16.7/19.8 17.5/19.5 18.3/22.7

Structural stereochemistry Root mean square deviations

Bonds (Å) 0.007 0.007 0.011
Angles (°) 1.3 1.3 1.4

a The values in parentheses refer to the highest resolution shell (2.02–1.95 or 1.97–1.90 Å).
b 5% of the diffraction data was kept aside for the R-free.
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analysis by soaking a HPA crystal in a solution containing 100 mM

GHIL for 24 h. A crystal of HPA complexed with both GHIL and G3F
was prepared by first soaking in a solution containing 100 mM GHIL for
2 h followed by a 1-h soak in a solution containing 100 mM G3F. A
similar approach was used in the formation of the complex with GHIL
and MeG2F.

Diffraction data for all complex crystals were collected on a Mar345
imaging plate area detector system at 100 K using copper K� radiation
supplied by a Rigaku RU300 rotating anode generator operating at 50
kV and 100 mA. Intensity data were integrated, scaled, and reduced to
structure factor amplitudes, with the HKL suite of programs (35). Data
collection statistics are provided in Table I. The crystals of all of the
complexes were isomorphous with that of HPA alone (22), and as
such, this structure was used as the starting refinement model for
these complexes. Refinement was carried out with the CNS software
program (36). In these analyses, cycles of simulated annealing, posi-
tional, and thermal B refinements were alternated with manual
model rebuilding with O (37). In the initial stages of this process, the
complete polypeptide chain of the refinement model was adjusted
based on a composite annealed omit map (with 3% of the residues
omitted per segment). Subsequently, the complete polypeptide chain
was examined periodically with Fo � Fc, 2Fo � Fc and omit difference
electron density maps. Following the refinement of the polypeptide
chain of HPA, bound inhibitor molecules were positioned on the basis

of Fo � Fc difference electron density maps. For both complexes,
protein and inhibitor atoms were then jointly refined to obtain the
best overall fit. In addition, an N-acetylglucosamine moiety bound to
the side chain of Asn461 was included in the structural model and
refined accordingly. At this point, solvent molecules were identified
from a further Fo � Fc difference electron density map and included
in the refinement model based on the hydrogen bonding potential to
protein atoms and the refinement of a thermal factor of �75 Å2. In a
final phase, the protein, inhibitor, and solvent molecules were jointly
refined to convergence. The final refinement statistics obtained are
detailed in Table I.

RESULTS AND DISCUSSION

Kinetic Analyses—The concepts described herein first
evolved out of our attempts to determine whether simple “mon-
osaccharide” inhibitors of �-glucosidases would also function as
useful inhibitors of HPA. As our best candidate, we investi-
gated the potent �-glucosidase inhibitor GHIL (Ki � 2.9 �M

with yeast �-glucosidase (29)). The assays were initially con-
ducted with the substrate �-maltotriosyl fluoride (kcat � 200
s�1, Km � 0.5 mM) using a fluoride electrode. In this way, a Ki

value of 1.8 mM was obtained. Although this inhibition is too
weak to be therapeutically useful, it did suggest that this, and
other such monosaccharides might be valuable inhibitors by
providing a starting point for the design of extended and po-
tentially more potent inhibitors that also occupy additional
sugar binding subsites in the enzyme active site. Indeed, strong
indications that elongation of these inhibitors with additional
glucose residues might lead to substantial increases in affinity
come from two findings. First, the kcat/Km values for oligosac-
charide substrates were observed to significantly increase upon
the addition of glucose moieties to the nonreducing end of a
substrate. This points to substantial transition state stabiliza-
tion from these additional sugar residues because the kcat/Km

values increase from 98 s�1 mM�1 to 830 s�1 mM�1 on going
from maltosyl fluoride to maltotriosyl fluoride (22). Second,
several studies have shown that oligosaccharide-based mole-
cules are better inhibitors of the related porcine pancreatic
�-amylase (25–27).

To more easily assay �-amylase inhibitors, a simple, chro-
mogenic assay involving the commercially available substrate,

FIG. 3. CNP-G3 hydrolysis catalyzed by HPA after preincuba-
tion for 15 min with glucose (a), GHIL (b), glucose � G3F (c), and
GHIL � G3F (d).

FIG. 4. Product analysis by MALDI-
TOF mass spectrometry of the HPA-
catalyzed reaction between G3F and
GHIL.
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CNP-G3 (kcat � 1.9 s�1, Km � 3.6 mM) was employed. To our
surprise, using this compound as a substrate, a Ki value of 18
mM was found for GHIL, which is 10-fold higher than that
measured using G3F as substrate. This unusual behavior mer-
ited further analysis because other data ensured that this was
not an “artifact” of kinetic analysis and that there was indeed
a change in the apparent affinity of HPA for GHIL depending
on the substrate.

Supportive evidence for such a change in inhibitory activity
is evident when assaying for HPA activity with CNP-G3 at
higher concentrations of GHIL, when a time-dependent de-
crease in rate was observed over a period of 20 min. No such
time-dependent decrease was observed in the absence of in-
hibitor, eliminating substrate depletion as the cause of this
phenomenon. Preincubation of HPA with GHIL prior to
measurement of activity with CNP-G3 did not decrease ini-
tial rates, thereby eliminating both covalent inactivation and
slow on rates as possible causes of this behavior. The most
likely explanation for both the difference in Ki values and the
time-dependent behavior is that during the kinetic analysis
of GHIL with CNP-G3, slow transglycosylation of a malto-
triosyl moiety to GHIL is occurring. This would yield an
elongated version of GHIL that binds much more tightly than
the original molecule, analogous to what is presumed to occur
in crystals of HPA soaked with acarbose. However, because
G3F is a much better substrate for HPA than is CNP-G3
(kcat/Km value is 1800 times greater than for CNP-G3), the
maltotriosyl moiety will likely be transglycosylated to the
inhibitor at a higher rate when working with G3F compared
with CNP-G3. If this were the case, the “steady state” con-
centration of elongated species is quickly reached and at
higher levels when using G3F than when using CNP-G3,
thereby accounting for the 10-fold lower Ki value determined.
For the more slowly reacting CNP-G3, formation of the
steady state concentration of the elongated species occurs
more slowly and is seen instead as a slow decrease in the
catalytic activity over time.

To probe this hypothesis further, HPA was preincubated
with GHIL (0.4 mM) and G3F (1 mM) for 15 min prior to assay
using CNP-G3 (1 mM). If an extended inhibitor is formed, then
HPA should be inhibited under these conditions, even if the
assay is done with CNP-G3. The rate determined under these
conditions was �25% of the rate of a control reaction in which

HPA was preincubated with G3F or GHIL alone, strongly sug-
gesting that HPA is catalyzing a reaction between the inhibitor
and substrate and that the product of this reaction is a better
inhibitor of HPA (Fig. 3).

A preincubation experiment was also carried out with acar-
bose (180 nM) in place of GHIL and similar results obtained,
with rates significantly dropping compared with those for the
control reaction in which no acarbose was present (data not
shown). Because structural studies have shown acarbose to
form an elongated product in the presence of HPA, this result
provides strong support for the idea that elongated inhibitors
are the principal inhibitory species in the kinetic analysis using
G3F. Notably, as one might expect from this hypothesis, pre-
incubation of HPA with G3F and glucose did not result in a
significant decrease in the rate of hydrolysis of the substrate
(Fig. 3).

An attempt was made to quantitate the change in inhibitory
activity by measuring an apparent Ki value for the elongated
inhibitor species formed during preincubation. The experi-
ments carried out involved incubation of varying concentra-
tions of GHIL (0–0.6 mM) with a fixed concentration of G3F

FIG. 5. General synthetic scheme
for MeG2-GHIL.

FIG. 6. Dixon plot analysis of the inhibition of HPA by MeG2-
GHIL using CNP-G3 at concentrations of 0.5 mM (f), 1.0 mM (E),
2.0 mM (● ), and 3.0 mM (�).
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(0.4 mM) and HPA. After 1 h of incubation at 30 °C, the HPA
activity was measured using 2,4-dinitrophenyl maltotrioside
(0.9 mM). Rates measured under these conditions were then
plotted in the form of a Dixon plot (assuming the complete
conversion of GHIL to a homogeneous inhibitory species), and
an apparent Ki value of 265 �M was extracted from the inter-
section between this line and the horizontal line corresponding
to 1/Vmax (where Vmax is the maximal rate of 2,4-dinitrophenyl
�-maltotrioside hydrolysis in the presence of 0.4 mM G3F)
(data not shown). In comparison with the Ki value of 18 mM

determined for unmodified GHIL (no G3F preincubation),
this Ki value represents an approximate 100-fold increase in
affinity as a consequence of preincubation. The greater inhi-
bition observed under these conditions than when assayed
directly with G3F suggests that longer reaction times and/or
higher concentrations of reactants are required to build up
inhibitory concentrations, even with G3F. The Ki value de-

termined, however, represents a “worst case” estimate of the
true Ki value for the inhibitor because it assumes all of the
inhibitor is converted to the tight binding version, which is
highly unlikely, and which mass spectrometric analysis (see
below) reveals not to be the case. The true Ki value must
therefore be much lower.

Mass Spectrometric Analysis—Initial attempts to observe an
elongated GHIL species formed under the preincubation con-
ditions discussed above by using a MALDI-TOF mass spec-
trometer were unsuccessful. Only products of the normal hy-
drolysis and transglycosylation reactions of G3F were
observed, possibly because the inhibitory species is being
formed at concentrations well below the sensitivity level of the
instrument. Concentrations of both G3F and GHIL were there-
fore raised such that G3F was present at 10 times its Km value,
and GHIL was present at the Ki value of the unmodified species
(18 mM). Analysis of such reaction mixtures by MALDI-TOF

FIG. 7. Stereo plots of the omit dif-
ference electron density maps calcu-
lated for the GHIL (a), G2-GHIL and
an additionally bound GHIL mole-
cule (b), and MeG2-GHIL (c) inhibitor
complexes in the active site of human
pancreatic �-amylase. All of the maps
are drawn at the 2-� level and overlaid
are the final refined structures of each
inhibitor product. Also indicated are the
positions of the binding subsites to which
inhibitor atoms are bound. Atom color
coding follows the convention of oxygen
(red), nitrogen (blue), and carbon (black).
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mass spectrometry revealed two additional products of m/z 539
and 702. These masses correspond to the sodium adducts of
GHIL linked to a maltosyl or maltotriosyl moiety, respectively
(Fig. 4), thereby demonstrating that HPA will catalyze the
elongation of GHIL.

Synthesis of an Extended GHIL for Further Kinetic Stud-
ies—To demonstrate that elongated GHIL is a better inhibitor
of HPA, an extended version of GHIL was synthesized using a
chemo-enzymatic approach (Fig. 5). To simplify both the enzy-
matic synthesis and subsequent kinetic analysis of the elon-
gated species, a “blocked” version was made in which the 4�-
hydroxyl group at the nonreducing end was methylated. Such
an inhibitor should not undergo further elongation at the 4�-
position and therefore should remain a stable species during
kinetic analysis. Synthesis of this MeG2-GHIL was achieved by
incubating MeG2F overnight with GHIL in the presence of
CGTase from B. circulans, which has been shown previously to
be highly effective in transferring sugar moieties to monosac-
charide analogues (27) without suffering the severe product
inhibition that would be seen when using �-amylases. After
the initial transglycosylation, the 4�-O-methyl group blocks
further transglycosylation reactions, resulting in a homoge-
neous product. This product was purified by column chroma-
tography yielding MeG2-GHIL (1.7 mg) in 70% yield. Analy-
sis by MALDI-TOF mass spectrometry (m/z � 553.2; expected
with sodium adduct, m/z � 553.4) revealed the proper prod-
uct formation. NMR spectra (1H NMR, COSY, and TOCSY) of
the per-O-acetylated derivative obtained by treating MeG2-
GHIL with acetic anhydride in pyridine confirmed the �(1,4)
linkage formed between the maltosyl moiety and the GHIL
unit.

With the pure, elongated and capped inhibitor in hand,
kinetic analysis of its inhibition behavior was performed. The
presence of the methyl cap should simplify kinetic analysis
and allow determination of a “true” Ki value. As shown in Fig.
6, using CNP-G3 as a substrate, MeG2-GHIL was shown to
be a competitive inhibitor of HPA with a Ki value of 25 �M.
This Ki value is 3 orders of magnitude lower than that for the
monosaccharide inhibitor, GHIL, using CNP-G3 as a sub-
strate, clearly demonstrating that extension of GHIL gener-
ates better inhibitors.

Structural Analysis—Even though GHIL has poor binding
affinity for the active site of HPA, it has proven possible to
determine its bound structure using crystallographic tech-
niques (Fig. 7a). Surprisingly, this monosaccharide analogue is
bound in the �1 subsite with a novel reverse ring orientation
not previously observed for inhibitors bound at this subsite.
This reversal of direction results in the inhibitor forming hy-
drogen bonding interactions (Figs. 8a and 9a) completely dif-
ferent from those normally observed with previously studied
inhibitors such as acarbose (Fig. 9c and Ref. 22). The main
interactions involve the 4-hydroxyl group with the side chain of
His201; the 2-hydroxyl group with the side chain of the putative
acid/base catalyst, Glu233; and a water-mediated interaction
between the oxime group and the side chain of the catalytic
nucleophile, Asp197. In agreement with kinetic studies, GHIL is
not tightly bound in the active site of HPA, as is evident from
the substantially higher thermal factors observed for atoms of
this inhibitor (45.9 Å2) in comparison with those of the enzyme
as a whole (20.4 Å2).

A second set of experiments in which HPA crystals were
soaked with both GHIL and G3F resulted in a substantially
modified inhibitor being bound in the active site of this enzyme
(Figs. 8b and 9b). The species formed, presumably a product of
transglycosylation and hydrolysis events catalyzed by the en-
zyme, is a trisaccharide analogue that spans the �3 to �1

subsites. The residue in the �1 subsite is a GHIL moiety,
bound in the “normal” orientation, whereas the �2 and �3
subsites are occupied by glucosyl moieties (Figs. 8b and 9b).
This maltosyl-D-gluconohydroximino-1,5-lactam (G2-GHIL)
product corresponds to one of the elongated species observed
by mass spectrometry (Fig. 4) and is equivalent to the MeG2-
GHIL inhibitor that was synthesized and studied kinetically
(Fig. 6). The electron density map for all of the G2-GHIL
sugar rings is well defined, and the overall thermal B values
of the individual rings are considerably lower than that ob-
served for GHIL alone (Fig. 7b). Much weaker electron den-
sity is also seen for another separate and unmodified mole-
cule of GHIL, bound across the �1 and �2 subsites (Fig. 9b).
However, the refined thermal factors for the atoms of this
group are very high, suggesting that binding in this mode is
very weak.

The interactions formed by the glucose moieties of G2-GHIL
in subsites �2 and �3 are very similar to the interactions
observed for acarbose, as are the conformations of these sugar
moieties (Figs. 8, b and c, and 9, b and c). The largest difference
involves the rotation of the 6�-hydroxyl group in subsite �3,
which results in this hydroxyl group interacting with a water
molecule, whereas in the acarbose structure, the interaction
was to Thr163. Another difference is the absence of an interac-
tion between the 3�-hydroxyl group in subsite �2 and His305 in
the G2-GHIL�HPA complex.

The structure of the complex formed when HPA is soaked
with MeG2F and GHIL was also determined as a comparison
(Table I and Fig. 7c). Notably, the bound species has a con-
formation very similar to that of the G2-GHIL complex, once
again demonstrating the ability of HPA to combine a poor
binding inhibitor and an activated substrate to form a tight
binding inhibitor. No separate, unmodified bound GHIL was
observed in this case. The only significant difference between
the complexes with MeG2-GHIL and G2-GHIL is the pres-
ence of the methyl group capping the 4�-hydroxyl group,
showing that, with care, non-natural substitutions can be
introduced into the activated substrate moiety used to trans-
glycosylate GHIL by HPA. This provides an exciting new
avenue for designing unique end products tailored to the
HPA active site to maximize inhibitor binding affinity.

One of the most interesting features arising from these
structural analyses is the conformation observed for the
GHIL moiety of G2-GHIL and MeG2-GHIL. In solution,
GHIL has been shown to adopt a 4C1 chair conformation,
whereas the crystalline structure of GHIL adopts a 4H3 half-
chair conformation (33). When GHIL alone is bound to HPA,
it appears to adopt a 4E conformation, similar to the confor-
mation adopted by the GHIL analogue xylobiono-lactam
oxime bound to the xylanase from Cellulomonas fimi (38). In
contrast, the GHIL moiety of G2-GHIL and MeG2-GHIL,
bound to the �1 subsite of HPA, adopts an E3 conformation.
A consequence of the E3 conformation is that the oxime group
points toward, and is in close proximity to, the acid/base
catalyst Glu233, with the exocyclic nitrogen being within hy-
drogen bonding distance of OE1 of the carboxylic acid group
(Fig. 9b). This interaction is exactly as predicted for an anti-
protonating glycosidase (39). In fact, such interactions have
also been observed in the above-mentioned �-glycosidase,
C. fimi �-xylanase, an anti-protonator from glycosidase fam-
ily 10 (38, 39). In C. fimi �-xylanase, this is the only inter-
action between this catalytic residue and the oxime group,
whereas in HPA the OE2 of Glu233 is also in close proximity
to the oxime hydroxyl group.

From modeling studies it can be seen that, should the GHIL
moiety of the bound G2-GHIL adopt a 4E conformation as was
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seen in the GHIL/HPA structure, these interactions would not
be possible. Furthermore, comparison of the side chain position
of Glu233 in the G2-GHIL structure, with its position in the
acarbose structure, indicates that it has rotated to accommo-
date this interaction with the oxime group. It has been sug-
gested that the structurally similar gluconolactone is not a
good inhibitor of �-glucosidases because the lactone carbonyl
group is not properly positioned for such interactions (29, 39).
Similarly, the hydroximinolactone was also found to be a dis-
appointing inhibitor, presumably for much the same reason
(29). Indeed, it has been argued that the increased basicity of
the exocyclic nitrogen conferred on it by the endocyclic nitrogen
atom should strengthen the interaction between the oxime
oxygen and catalytic acid/base residue sufficiently so that geo-
metric penalties would be overcome. The present structural
study indeed points toward exactly such a conformational ad-
justment in the case of the binding of GHIL to the �1 subsite.

Another interaction is that between the catalytic nucleo-
phile, Asp197, and the exocyclic nitrogen, where the Asp197 is
positioned perpendicular to the plane of the oxime with OD1

located 2.94 Å away from the exocyclic nitrogen. Surpris-
ingly, OD2 of Asp197 does not interact with the endocyclic
nitrogen, as might have been expected on the basis of the
interaction of the nucleophile with the glycosyl-enzyme in-
termediate in CGTase (9). Rather, it interacts with the 6-hy-
droxyl group, an interaction that is also present in the
HPA�acarbose complex where no endocyclic heteroatom is
present. Interactions of the 2- and 3-hydroxyl groups of the
GHIL moiety with HPA are also very similar to those in the
HPA�acarbose structure.

Conclusions—Although HPA is an important pharmaceu-
tical target for controlling blood glucose levels, very few re-
ports have been published on the development of novel inhib-
itors of this enzyme, in large part because of the difficulties
encountered in the synthesis of oligosaccharide-based inhib-
itors. By taking advantage of the intrinsic ability of HPA to
catalyze transglycosylation reactions, it is possible to elon-
gate monosaccharide analogues in situ by preincubating the
compound with an activated substrate (G3F). The formation
of such elongated and more potent inhibitors from poorly

FIG. 8. Stereo drawings illustrating the bound conformations of the inhibitors GHIL (a), GHIL/G3F product (b), and acarbose (c)
in the active site of HPA. Only selected active site residues are shown for clarity.
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binding monosaccharide analogues can be readily detected by
assays with a slow substrate before and after preincubation
with G3F. The specific structure of the elongated species and
its interactions with the enzyme can be determined crystal-

lographically after incubating crystals with the monosaccha-
ride analogue and G3F. This assay is easily adaptable to a
96-well plate format and is useful for the identification of
potential elongated HPA inhibitors.

FIG. 9. Schematic diagrams illustrating the hydrogen bonding interactions (<3.5 Å) formed in the active site of HPA by GHIL (a),
G2-GHIL formed on incubation with GHIL and G3F (b), and acarbose (c). The subsites of HPA occupied by each bound moiety are indicated,
and interacting amino acids are designated with their one-letter codes.
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