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Abstract—Five oxalyl derivatives of b-DD-glucopyranosylamine were synthesized as potential inhibitors of glycogen phosphorylase
(GP). The compounds 1–4 were competitive inhibitors of rabbit muscle GPb (with respect to a-DD-glucose-1-phosphate) with Ki val-
ues of 0.2–1.4 mM, while compound 5 was not effective up to a concentration of 10 mM. In order to elucidate the structural basis of
their inhibition, we analysed the structures of compounds 1–4 in complex with GPb at 1.93–1.96 Å resolution. The complex struc-
tures reveal that the inhibitors can be accommodated at the catalytic site at approximately the same position as a-DD-glucose and
stabilize the T-state conformation of the 280s loop by making several favourable contacts to Asp283 and Asn284 of this loop. Com-
parison with the lead compound N-acetyl-b-DD-glucopyranosylamine (6) shows that the hydrogen bonding interaction of the amide
nitrogen with the main-chain carbonyl oxygen of His377 is not present in these complexes. The differences observed in the Ki values
of the four analogues can be interpreted in terms of subtle conformational changes of protein residues and shifts of water molecules
in the vicinity of the catalytic site, variations in van der Waals interactions, conformational entropy and desolvation effects.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the fundamental mechanisms that regu-
late glycogen metabolism provides a basis for therapy of
type 2 diabetes. High blood glucose concentration in type
2 diabetes is, in part, due to abnormal production of
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glucose by the liver. Glycogen is an important source of
hepatic glucose production, therefore, inhibition of
hepatic glycogen phosphorylase (GP), which catalyses
the first step in glycogen breakdown, is a potential thera-
peutic strategy.1–5 GP inhibitors may bind predominantly
to four distinct sites, the catalytic, the allosteric, the indole
carboxamide and the inhibitor or caffeine site,6–14 while a
new binding site capable of accommodating benzimid-
azole has been recently discovered.15 Recently, the syn-
thesis and in vitro and in vivo biological evaluation of
corosolic acid and maslinic acid derivatives, inhibitors
of GP, have been reported;42,43 furthermore, FR258900,
a novel GP inhibitor, isolated from fungal strain No.
138354, was shown to stimulate glycogen synthesis in pri-
mary hepatocytes via GP inhibition.44,45 The efficacy of
such inhibitors on control of blood glucose and hepatic
glycogen balance has been confirmed from animal studies
and in vitro cell biology experiments.3,16

The catalytic site of GP has been extensively exploited for
development of potent inhibitors of the enzyme.15,17–31

Sometime ago N-acetyl-b-DD-glucopyranosylamine (6)
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was found to be a potent inhibitor of muscle GPb
with a Ki = 32 lM.20 Structural information available
from the crystal structure of the inhibitor complex at
2.3 Å20 and recently at 1.9 Å resolution31 showed that
6, on binding to GPb, promotes the less active T state
enzyme through stabilization of the closed position of
280 s loop (residues 282–287), which blocks access of
the substrate to the catalytic site. The inhibitor fits tight-
ly into the so-called b-pocket, a side channel from the
catalytic site with no access to the bulk solvent.17 In
addition, there is a hydrogen bond between N1 of 6
and carbonyl O of His377, an interaction that since then
has been observed in all b-DD-glucopyranosylamine and
spirohydantoin analogues of b-DD-glucopyra-
nose.15,21,26,29,30 Identification of the structural determi-
nants contributing to inhibitor binding mode at the
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Scheme 1. Chemical structures of oxalyl derivatives of b-DD-glucopyranosyl

numbering system used.
catalytic site should provide a better understanding of
the mechanism of inhibition of GP and aid in the design
of compounds with improved potency against GP.

A novel class of oxalyl derivatives of b-DD-glucopyrano-
sylamine (1–5, Scheme 1) were identified as competitive
inhibitors of GPb with Ki values 0.2–1.4 mM. We report
here on the crystallographic binding of derivatives 1–4
to GPb, in order to provide rationalizations for the
kinetic properties of the compounds. The crystallo-
graphic data show that the compounds bind at the cat-
alytic site and occupy a position similar but not identical
to that of the lead compound 6. On binding of 1–4 to the
enzyme there are subtle changes of the amino acid side
chains and water structure in the vicinity of the catalytic
site, while the characteristic hydrogen bond between the
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amine (1–5) and N-acetyl-b-DD-glucopyranosylamine (6), showing the



Table 1. Summary of diffraction data and refinement statistics for GPb: 1–4 complexes

Compound 1 2 3 4

Space group P43212 P43212 P43212 P43212

No. of images (�) 80 (56�) 91 (63.7�) 83 (51.6�) 81 (56.7�)

Unit cell dimensions (Å) a = b = 128.0, c = 115.7 a = b = 128.6, c = 116.1 a = b = 128.3, c = 116.0 a = b = 128.0, c = 116.0

Resolution range (Å) 30.0–1.94 30.0–1.96 30.0–1.96 30.0–1.93

No. of observations 412,739 623,378 478,394 532,292

No. of unique reflections 71,101 (3500) 70286 (3459) 68828 (3392) 72265 (3554)

Outermost shell (Å) 1.97–1.94 1.99–1.96 1.99–1.96 1.96–1.93

Multiplicity (outermost shell) 4.4 (4.2) 5.3 (5.3) 4.2 (4.2) 4.0 (4.0)

hI/r(I)i (outermost shell) 10.7 (2.2) 15.3 (4.5) 20.6 (3.8) 6.6 (1.9)

Completeness (outermost shell) (%) 99.6 (99.5) 99.6 (99.6) 98.5 (98.1) 99.3 (99.1)

Rm (outermost shell) 0.055 (0.415) 0.067 (0.516) 0.042 (0.443) 0.059 (0.380)

B-values (Å2) (Wilson plot) 22.6 26.3 28.2 27.9

Refinement (resolution) (Å) 30.0–1.94 30.0–1.96 30.0–1.96 30.0–1.93

No. of reflections used (free) 67,468 (3608) 66,329 (3,555) 65,294 (3501) 68,490 (3668)

Residues included (12–254), (261–314), (324–836) (12–254), (261–314), (324–836) (12–254), (261–314), (324–836) (12–254), (261–314), (324–836)

No. of protein atoms 6590 6590 6590 6590

No. of water molecules 351 315 317 300

No. of ligand atoms 15 (PLP), 17 (1) 15 (PLP), 18 (2) 15 (PLP), 19 (3) 15 (PLP), 20 (4)

Final R (Rfree) (%) 19.3 (21.8) 18.3 (19.9) 18.5 (21.3) 19.1 (21.1)

R (Rfree), outermost shell (%) 26.7 (29.2) 23.4 (27.1) 24.7 (27.2) 26.1 (26.5)

RMSD in bond lengths (Å) 0.006 0.005 0.005 0.005

RMSD in bond angles (�) 1.25 1.20 1.21 1.24

RMSD in dihedrals (�) 21.9 21.4 21.7 25.2

RMSD in impropers (�) 0.78 0.76 0.81 0.69

Average B (Å2) for residues (12–254), (261–314), (324–836) (12–254), (261–314), (324–836) (12–254), (261–314), (324–836) (12–254), (261–314), (324–836)

Overall 29.5 31.1 33.7 34.2

Ca, C, N, O 27.4 28.9 31.4 32.0

Side chain 31.5 33.3 35.9 36.3

Average B (Å2) for heteroatoms 17.5 (PLP), 21.7 (1) 19.0 (PLP), 25.1 (2) 20.7 (PLP), 27.5 (3) 21.6 (PLP), 29.7 (4)

Average B (Å2) for water molecules 37.7 37.9 36.9 40.9

Merging Rm is defined as Rm = Ri Rh|hIhi � Iih|/RiRhIih, where hIhi and Iih are the mean and ith measurement of intensity for reflection h, respectively. r(I) is the standard deviation of I. Crystallographic R

factor is defined as R = R||Fo| � |Fc||/R|Fo|, where |Fo| and |Fc| are the observed and calculated structure factor amplitudes, respectively. Rfree is the corresponding R value for a randomly chosen 5% of the

reflections that were not included in the refinement.
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amide nitrogen N1 and main-chain O of His377 is not
present in the crystal complex structures studied.
Figure 1. A schematic diagram of the GPb dimeric molecule viewed

down the molecular dyad. One subunit is coloured in green and the

other in cyan. The position is shown for the catalytic site. The catalytic

site, marked by N-(b-DD-glucopyranosyl)oxamic acid (compound 1, in

red) and the essential cofactor pyridoxal 5 0-phosphate (in yellow),

shown in ball-and-stick representations, is buried at the centre of the

subunit and is accessible to the bulk solvent through a 15-Å long

channel. Compound 1, on binding at the catalytic site, promotes the

less active T state through stabilisation of the closed position of the

280s loop (shown in blue) which blocks access for the substrate

(glycogen) to the catalytic site.
2. Materials and methods

The syntheses of compounds 1–5 and their kinetic exper-
iments with rabbit muscle GPb will be described else-
where (Gimisis et al., unpublished results). GPb was
isolated, purified, recrystallized and assayed as de-
scribed.25 Native GPb crystals, grown in the tetragonal
lattice32 spacegroup P43212, were soaked with 100 mM
compound 1 (for 48 h) or 20 mM of 2 (for 6 h) or
25 mM 3 (for 48 h) or 10 mM of 4 (for 24 h) or
50 mM of 5 (for 5 h) in a buffered solution (10 mM
Bes, 0.1 mM EDTA and 0.02% sodium azide, pH 6.7),
prior to data collection. Diffraction data were collected
from single crystals at Daresbury Laboratory (Station
9.6) and EMBL-Hamburg outstation (Beamlines X11
and X13) to a resolution of 1.93–1.96 Å. The reflections
were recorded on an ADSC Q4 CCD detector. Data
reduction and integration followed by scaling and merg-
ing of the intensities obtained were performed with Den-
zo and Scalepack, respectively, as implemented in HKL
suite.33

Crystallographic refinement of the four complexes was
performed with CNS version 1.134 using positional
and individual B-factor refinement with bulk-solvent
correction. The starting model employed for the refine-
ment of the complexes was the structure of the GPb-a-
DD-glucose complex determined at 2.1 Å resolution
(Oikonomakos et al., unpubl.). 2Fo � Fc and Fo � Fc

electron density maps calculated were visualized using
the program for molecular graphics ‘O.’35 Ligand
models, constructed and minimized using the program
SYBYL (Tripos Associates Inc. 1992 SYBYL Molecular
Modelling Software, St. Louis, Missouri, USA), were
fitted to the electron density maps after adjustment of
their torsion angles. Alternate cycles of manual rebuild-
ing with ‘O’ and refinement with CNS improved the
quality of the models. The data collection and refine-
ment statistics are summarized in Table 1.

The stereochemistry of the protein residues was validat-
ed by PROCHECK.36,37 Hydrogen bonds and van der
Waals interactions were calculated with the program
CONTACT as implemented in CCP4 (CCP4, 1994)
applying a distance cut-off of 3.3 and 4.0 Å, respectively.
The program calculates the angle O� � �H� � �N (where the
hydrogen position is unambiguous) and the angle source
. . .oxygen-bonded carbon atom. Suitable values are 120�
and 90�. A Luzatti plot38 suggests an average positional
error for all structures of approximately 0.24–0.26 Å.
GPb complex structures were superimposed over well-
defined residues using LSQKAB.37 Comparisons of the
water molecules in the complex structures were made
taking into consideration their equivalent positions.
The schematic representation of the crystal structures
presented in all figures were prepared with the programs
MolScript39 and BobScript40 and rendered with Ras-
ter3D.41 The coordinates of the new structures have
been deposited with the RCSB Protein Data Bank
(http://www.rcsb.org/pdb) with codes 2F3P (GPb-1
complex), 2F3Q (GPb-2 complex), 2F3S (GPb-3 com-
plex), and 2F3U (GPb-4 complex).
3. Results and discussion

The kinetic parameters of compounds 1–5, assayed with
GPb into the direction of glycogen synthesis (Gimisis
et al., unpublished results), are summarized in Scheme 1.
Compound 2 was found to be a better inhibitor
(Ki = 0.22 ± 0.01 mM) than 1 (Ki = 0.71 ± 0.02 mM) or
3 (Ki = 0.92 ± 0.05 mM) or 4 (Ki = 1.41 ± 0.09 mM).
The kinetic results showed also that compound 5 is not
an inhibitor when tested up to a concentration of 10 mM.

In order to elucidate the structural basis of inhibition we
have determined the crystal structure of GPb in complex
with 1–4. A summary of the data processing and refine-
ment statistics for the 1–4 complex structures is given in
Table 1. The resulting electron density map for com-
pound 5 showed poor binding to the catalytic site, in
agreement with the kinetic results, and indicated that
the N 0,N 0-diisopropyl oxalamide group had displaced
Asp283 and Asp284 of the 280s loop. The refinement

http://www.rcsb.org/pdb


Figure 2. Stereo diagrams of the 2Fo � Fc electron density maps, contoured at 1r, for the bound compounds 1 (a), 2 (b), 3 (c) and 4 (d) at the

catalytic site. Electron density maps were calculated using the standard protocol as implements in CNS v1.134 before incorporating ligand

coordinates.
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for this complex was terminated in view of the negative
result. For the 1–4 complexes, the 2Fo � Fc Fourier elec-
tron density maps indicated that compounds 1–4 bound
at the catalytic site (Fig. 1). Electron density maps
(Fig. 2) clearly defined the position of each inhibitor
within the catalytic site, consistent with the kinetic re-
sults. We describe in detail the GPb:1 interactions and
briefly the GPb:2–4 interactions at the catalytic site.

3.1. Compound 1

The mode of binding and the interactions that the gluco-
pyranose moiety of 1 make with GPb are almost identi-
cal with those for a-DD-glucose.17 The oxamic acid group
can be accommodated at the b-pocket of the catalytic
site and stabilises the closed conformation of the 280s
loop. Thus, O7 makes a hydrogen bonding interaction
with Asp283 OD1 through Wat349; O8 makes a direct
hydrogen bond with Asn284 N, a water-mediated
hydrogen bond with Asp283 OD1, and also it exploits
an extended hydrogen bonding pattern between
Wat349 and Gly134 N, Gly137 N and Glu88 OE2
through another water molecule (Wat79); O9 is hydro-
gen bonded with His341 NE2 through Wat351 (Table
2). The hydrogen bonds formed between the ligand
and the protein are illustrated in Figure 3a.
Compound 1, on binding to GPb, makes a total of 17
hydrogen bonds and 88 van der Waals interactions
(7 nonpolar/nonpolar, 21 polar/polar and 60 polar/non-
polar) (Table 3). It is a moderate inhibitor (Ki =
0.71 mM) and binds almost 2.5 times more tightly than
a-DD-glucose (Ki = 1.7 mM) or 10 times more tightly than
its parent compound b-DD-glucose (Ki = 7.4 mM),17 pos-
sibly because of the additional interactions of the oxa-
mic acid group with the protein.

Compound 1 appears to form an improved network of
interactions compared to the lead molecule 6 (Fig. 3e),
however it exhibits poorer affinity than 6. A structural
comparison between the GPb-1 complex and the GPb-
6 complex shows that the positions of Ca for residues
18–249, 262–312, and 326–829 deviate from their mean
positions by 0.107 Å, indicating overall negligible
changes between the complex structures. However, com-
parison reveals a conformational shift for Asp339; the
dihedral angle v2 [CA-CB-CG-OD1] is rotated by 90�
in order to avoid close contacts with O9 of the oxamic
acid group of 1. There are also small shifts of the side
chain atoms of Leu136 and Asp283; thus, on ligand
binding, the side chains of Leu136 and Asp283 are rotat-
ed by �90� and �12�, respectively (dihedral angles v2
(CA-CB-CG-CD1) and v2 (CA-CB-CG-OD1)) to opti-



Table 2. Hydrogen bond interactions between compounds 1–4 and residues at the catalytic site of GPb

Inhibitor atom GPb-1 complex GPb-2 complex GPb-3 complex GPb-4 complex

Protein atom Distance (Å) Protein atom Distance (Å) Protein atom Distance (Å) Protein atom Distance (Å)

O2 Asn284 ND2 2.8 Asn284 ND2 3.1 Asn284 ND2 3.1 Asn284 ND2 3.1

Tyr 573 OH 2.9 Tyr 573 OH 3.1 Tyr 573 OH 3.0 Tyr 573 OH 3.3

Glu 672 OE1 3.1 Glu 672 OE1 3.1 Glu 672 OE1 3.1 Glu672 OE1 3.3

Wat96 2.8 Wat131 2.8 Wat100 2.8 Wat92 3.0

Wat335 3.1 Wat304 3.3 Wat223 3.2 Wat218 2.8

O3 Glu672 OE1 2.6 Glu672 OE1 2.7 Glu672 OE1 2.7 Glu672 OE1 2.7

Ser674 N 3.1 Ser674 N 3.1 Ser674 N 3.0 Ser674 N 3.1

Gly675 N 3.1 Gly675 N 3.1 Gly675 N 3.1 Gly675 N 3.1

O4 Asn484 OD1 3.3 Asn484 OD1 (3.4) Gly675 N 2.7 Gly675 N 2.7

Gly675 N 2.7 Gly675 N 2.7 Wat131 2.9 Wat123 2.6

Wat126 2.9 Wat130 2.9

O6 His377 ND1 2.7 His377 ND1 2.7 His377 ND1 2.7 His377 ND1 2.7

Asn484 OD1 2.7 Asn484 OD1 2.8 Asn484 OD1 2.8 Asn484 OD1 2.3

O7 Wat349 2.8 Wat303 2.8 Leu136 N (3.4) Leu136 N 3.0

Wat309 2.8 Wat293 2.5

O8 Asn284 N 2.6 Asn284 N 2.9 Asn284 N 2.8 Wat293 2.7

Wat349 2.8 Wat303 2.9 Wat309 2.8

O9 Wat351 2.7

Total 17 16 16 15

GPb-1 complex: Wat96 is hydrogen bonded to Thr671 O, Ala673 N and Wat100. Wat100 is hydrogen bonded to Val379 N, Thr671 O and Wat98.

Wat98 is hydrogen bonded to Glu672 O and Wat104. Wat104 is hydrogen bonded to Glu672 O, Gly694 O, and Asp693 OD2. Wat335 is hydrogen

bonded to Lys574 NZ, Glu672 OE1, PLP999 O2Pm and Wat58. Wat58 is hydrogen bonded to Gly135 N, Asp283 OD1m and Wat61. Wat61 is

hydrogen bonded to Arg569 N and PLP999 O2P. W126 is hydrogen bonded Thr676 OE1 and PLP999 O3P. Wat349 is hydrogen bonded to Asp283

OD1 and Wat79. Wat79 is hydrogen bonded to Gly134 N, Gly137 Nm and Glu88 OE2. Wat351 is hydrogen bonded to His341 NE2.

GPb-2 complex: Wat131 is hydrogen bonded to Thr688 O, Ala686 N, and Asn804 OD1. Wat304 is hydrogen bonded to Lys574 NZ, Glu672 OE1,

PLP999 O2P, and Wat58. Wat58 is hydrogen bonded to Gly135 N, Asp 283 OD1, and Wat63. Wat63 is hydrogen bonded to PLP999 O2P and

Arg569 N. Wat130 is hydrogen bonded to Thr676 OE1 and PLP999 O3P. Wat303 is hydrogen bonded to Asp283 OD1 and Wat83. Wat83 is

hydrogen bonded to Gly134 N, Gly137 N, and Glu88 OE2.

GPb-3 complex: Wat100 is hydrogen bonded to Thr671 O, Ala673 N, and Wat105. Wat105 is hydrogen bonded to Val379 N, Thr671 O, and Wat102.

W223 is hydrogen bonded to Lys574 NZ, Glu672 OE1, PLP999 O2P, and Wat61. Wat61 is hydrogen bonded to Gly135 N, Asp283 O, and Wat65.

Wat65 is hydrogen bonded to PLP999 O2P and Arg569 N. Wat131 is hydrogen bonded to Thr676 OE1 and PLP999 O3P. Wat309 is hydrogen

bonded to Asp283 OD1 and Wat83. Wat83 is hydrogen bonded to Gly134 N, Gly137 N, and Glu88 OE2.

GPb-4 complex: Wat92 is hydrogen bonded to Thr671 O, Ala673 N, and Wat97. Wat97 is hydrogen bonded to Val379 N, Thr671 O, and Wat94.

Wat218 is hydrogen bonded to Asp283 OD2, Tyr573 OH, Lys574 NZ, and Wat55. Wat55 is hydrogen bonded to Gly134 N, Asp283 OD1, and

Wat58. Wat58 is hydrogen bonded to PLP999 O2P and Arg569 N. Wat123 is hydrogen bonded to PLP999 O3P and Thr676 OE1. Wat293 is

hydrogen bonded to Asp283 OD1 and Wat75. Wat75 is hydrogen bonded to Gly134 N, Gly137 N, and Glu88 OE2.
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mize contacts with the ligand. In the GPb-6 complex, O7
is hydrogen bonded to Wat355, and this in turn is
hydrogen bonded to Asn284 N, and to Asn133 ND2,
Glu88 OE1, and Asn282 O through another water mol-
ecule (Wat106).31 These two water molecules are dis-
placed by the oxamic acid group in the GPb-1
complex. Furthermore, Wat335, Wat349 and Wat351
(Wat314, Wat105 and Wat110 in the complex with 6)
shifted by �1.6, �2.0 and �1.1 Å, respectively, to create
more space for the oxamic acid group to be accommo-
dated without causing steric hindrance.

The structural comparison between GPb-1 and GPb-6
complexes also reveals that the hydrogen bond between
N1 and His377 O observed in the GPb-6 complex20,31 is
not retained in the GPb-1 complex. As a result in the
GPb-6 complex the glucopyranosyl (C1, C2, O2, O4
and O5) and the acetamido (N1, C7, O7 and C8) moie-
ties shift by �0.4–0.6 Å, and 0.9–1.6 Å, respectively,
closer to the His377 (Fig. 4). The inability of compound
1 to form the N1� � �O His377 hydrogen bond might have
an energetic cost, in addition to the loss of energy during
desolvation, perhaps explaining the lower affinity of
compound 1.
3.2. Compounds 2–4

The methylester of 1, compound 2, showed increased
affinity (Ki = 0.22 mM) for GPb. The ligand binds to
the catalytic site of the enzyme in the same mode as 1,
and with the exception of the water-mediated polar
interaction of O9 with His341 NE2, observed in the
GPb-1 complex, it retains the hydrogen bonding interac-
tions of 1 with the protein (Fig. 3b). The structural re-
sults show that the –CH3 group (C9) can be
accommodated at the catalytic site with essentially no
disturbance of the structure by making 2 nonpolar/non-
polar interactions with Leu136 CD1 and CG atoms. In
general, compound 2 makes a total of 85 van der Waals
interactions (9 nonpolar/nonpolar, 20 polar/polar and
56 polar/nonpolar) (Table 3).

The ethylester of 1, compound 3, binds 4 times less
tightly than 1, despite the additional interactions of
the –CH2CH3 group (C9 and C10) with the protein.
The pattern of hydrogen bonding interactions, illustrat-
ed in Fig. 3c, between the inhibitor and the enzyme is
maintained when comparing the complex structures of
derivatives 2 and 3. The positioning of –CH2CH3 group
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is towards His341 of the b-pocket. There are in total 90
van der Waals interactions (11 nonpolar/nonpolar, 22
polar/polar and 57 nonpolar/polar) (Table 2) in the
GPb-3 complex.

In compound 4, with a N 0-cyclopropyl oxalamide group
and a more rigid geometry (compared to 3) there are
additional interactions with the adjacent residues
Asn284, Asp339, and His341 (Fig. 3d). Still, this
modification did not result in improved affinity of the
derivative (Ki = 1.41 mM); the compound exhibits less
favourable binding than compound 3, whose substituent
group has some inherent flexibility.

It is notable that, as in the case of compound 1, exact-
ly the same conformational rearrangements are
Figure 3. Interactions of compounds 1 (a), 2 (b), 3 (c), 4 (d) and 6 (e) with G

bond pattern between the inhibitors, protein residues and water molecules (
observed on binding of 2–4 to the catalytic site of
GPb. These include small shifts in the side chains of
Leu136, Asn282, Asp283, Asn284, Asp339, and
Thr378 in order to optimise contacts with ligands.
The LSQKAB superposition of the GPb-1 complex
structure with GPb-2, GPb-3, and GPb-4 complex
structures gave r.m.s. deviations of approximately
0.134, 0.101 and 0.099 Å for Ca atoms, respectively,
indicating that the four structures have very similar
overall conformations.

In Figure 5, we compare the binding of 1–4 and 6
within the catalytic site of GPb. The positions of the
glucosyl components of 1–4 are similar, while the larg-
est difference (compared to 6) is in the amide N1 posi-
tions, a difference that might reflect the absence of a
Pb in the vicinity of the catalytic site, shown in stereo. The hydrogen

w) is represented by dotted lines.



Figure 3. (continued)

Figure 5. Comparison of the positions of the compounds 1 (brown), 2

(blue), 3 (yellow), 4 (green) and 6 (red) bound at the catalytic site of

GPb.

Figure 4. Comparison between GPb-1 complex (orange) and GPb-6 complex (red) in the vicinity of the catalytic site.
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hydrogen bond between N1 and main-chain O of
His377 in 1–4.

In conclusion, five novel oxalyl derivatives of b-DD-
glucopyranosylamine, with polar substituents in the
amide N1 of the lead compound 6, were selected for
synthesis and crystallographic study. Compounds 1–4
are better inhibitors than a-DD-glucose but poorer
inhibitors than the lead compound 6, indicating that
occupation of the b-pocket results in some unfavour-
able interactions that are only partially compensated



Table 3. Van der Waals interactions between compounds 1–4 and residues at the catalytic site of GPb

Inhibitor atom GPb-1 GPb-2 GPb-3 GPb-4

Protein atom No. of

contacts

Protein atom No. of

contacts

Protein atom No. of

contacts

Protein atom No. of

contacts

C1 Asn284 ND2; His377 O; Wat335 3 His377 O 1 His377 O 1 Leu136 N; His377 O; Wat218 3

C2 Asn284 ND2; Glu672 OE1;

His377 O; Wat96; Wat335

5 His377 O; Glu672 OE1; Wat304;

Wat313

4 His377 O; Glu672 OE1; Wat100;

Wat223

4 His377 O 1

O2 Asn284 OD1,CG 2 Asn284 OD1,CG His377 O 3 Asn284 OD1,CG; His377 O 3 Asn284 OD1,CG; His377 O; 3

C3 Glu672 OE1; Gly675 N;

Wat126;Wat335 O

4 Glu672 OE1; Gly675 N;

Wat130; Wat304

4 Glu672 OE1; Gly675 N;

Wat131;Wat223

4 Glu672 OE1; Gly675 N;

Wat123

3

O3 Glu672 C,CD,CG; Ala673

CA,CB,C,N; Ser674 CA,C;

Gly675 CA; Wat96; Wat335

12 Glu672 C,CD,CG; Ala673

CA,CB,C,N; Ser674 CA,C;

Gly675 CA; Wat304; Wat313

12 Glu672 C,CD,CG; Ala673

CA,CB,C,N; Ser674 CA,C;

Gly675 CA; Wat100; Wat223

12 Glu672 CD,CG ; Ala673

CA,CB,C; Ser674 C; Gly675

CA; Wat92

8

C4 Asn484 OD1; Gly675 N;

Wat126

3 Asn484 OD1; Gly675 N;

Wat130

3 Asn484 OD1; Gly675 N;

Wat131

3 Asn484 OD1; Gly675 N;

Wat123

3

O4 Ser674 CA,CB,C,N, OG;

Gly675 CA,C,O

8 Ser674 CA,CB,C,N; Gly675

CA,C,O; Thr676 CG2

8 Asn 484 OD1; Ser674

CA,CB,C,N,OG; Gly675

CA,C,O; Thr 676 CG2

10 Asn 484 OD1; Ser674 CB,C;

Gly675 CA,C,O; Thr

676 N,CG2

8

C5 Gly135 C;Leu136 N; Wat126 3 Gly135 C; Leu136 N; Wat130 3 Gly135 C; Leu136 N; Wat131 3 Gly135 C; Leu136 N; Wat123 3

O5 Leu136 CA,CB,N; His377

CB,ND1

5 Leu136 CA,CB,N ; His377

CB,ND1

5 Leu136 CA,CB,N; His377

CB,ND1

5 Leu136 CA,N; His377 CB,ND1 4

C6 Gly135 C,O; Leu139 CD2;

His377 ND1; Asn484 OD1

5 Gly135 C,O; Leu139 CD2;

Hi377 ND1; Asn484 OD1

5 Gly135 C,O; Leu139 N,CD2;

Hi377 ND1; Asn484 OD1

6 Gly135 C,O; Leu139 CD2;

His377 ND1; Asn484 OD1;

Wat123

6

O6 Leu139 CD2; His377 CG,CE1;

Val455 CB, CG1,CG2; Asn484

CG,ND2

8 Leu139 CD2; His377 CG,CE1;

Val455 CB,CG1,CG2; Asn484

CG

7 Leu139 CD2; His377 CG,CE1;

Val455 CG1,CG2; Asn484 CG

6 Leu139 CD2; His377 CG,CE1;

Val455 CG1,CG2; Asn284 CG

6

N1 Asp284 ND2; His377 CB,O 3 Asn284 CG,OD1,ND2; His377

CB,O

5 Asn284 OD1,ND2; His377

CB,O

4 Asn284 OD1,ND2; His377

CB,O

4

C7 Leu136A CB;Asn284 ND2,CG;

Wat349

4 Leu136 CB; Asn284

ND2,CG,OD1; Wat303

5 Leu136 CB; Asn284 ND2,CG;

Wat309

4 Leu136 N,CB; Asn284 ND2;

Wat293

4

O7 Leu136 CB; Leu136 N; Asp283

OD1; Asn284 ND2; Wat58;

Wat79 O

6 Leu136 N,CB; Asp283

OD1,ND2; Wat58; Wat83

6 Leu136 CA,CB; Asp283 OD1;

Asn284 ND2; Wat61; Wat83

6 Leu136 CA,CB; Wat75 3

C8 Asn284 CA,N,ND2, CG,OD1;

Wat349; Wat351

7 Asn284 CA,N,ND2,CG,OD1;

Wat303

6 Asn284 N,OD1,ND2,CG;

Wat309

5 Leu136 CB; Asn284 ND2;

Wat293

3

O8 Asp283 CA,C; Asn284 CA,CG,

ND2; Wat351

6 Asp283 CG,ND2,OD1; Asn284

CA

4 Asp283 C,CG,ND2; Asn284 CA 4 Asn284 N 1

O9 Leu136 CD1; Asn284

ND2,OD1,CG

4 Asn284 OD1 1 Asn284 CG,OD1 2

N2 Asn284 OD1 1

C9 Leu136 CD1; Asp339 CG,OD2 3 Asn284 CG; Thr378 CG2 2 Thr378 CG2 1

C10 Leu136 CD1; Asp339

CG,OD1,OD2; His341

CE1,NE2

6 Asn284 CA,N; His341 NE2 3

C11 Asp339 OD1,CG,OD2; His341

CE1,NE2

5

Total 88 85 90 73
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by other contacts. All four derivatives form direct and
water-mediated hydrogen bonds and extensive van der
Waals interactions with residues of the 280s loop
(Asp283 and Asn284), the glycine helix (Gly134 and
Gly137), Glu88, Asp339 and His341. These interac-
tions provide a rationale for their potency to inhibit
GPb activity. In contrast to previously known b-DD-
glucopyranose analogue inhibitors of GP20,21,26,30,31

that bind to the catalytic site, compounds 1–4 do
not exploit the hydrogen bonding interaction between
the ligand amide nitrogen and the main-chain carbon-
yl O of His377. This interaction is an essential feature
for the tight binding of compound 6 (Ki = 32 lM),
contributing approximately 1.1 kcal/mol to the binding
energy with respect to compound 2. Furthermore, the
energy cost for the small conformational changes in
the side chain of the amino acid residues and water
structure, the increased hydrophilicity, as well as the
loss of conformational entropy of the analogues with
more flexible side chains (compounds 2–4) on binding
might outweigh the gain from the increased interac-
tions. This may explain why lead modification led to
decreases in potency. The present study has demon-
strated that these novel analogues are competitive
inhibitors of the enzyme albeit with moderate affinity.
Further work is currently under progress to examine
modified analogues with greater potency for the cata-
lytic site of the enzyme.
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