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Abstract—In an attempt to identify a new lead molecule that would enable the design of inhibitors with enhanced affinity for gly-
cogen phosphorylase (GP), b-DD-glucopyranosyl bismethoxyphosphoramidate (phosphoramidate), a glucosyl phosphate analogue,
was tested for inhibition of the enzyme. Kinetic experiments showed that the compound was a weak competitive inhibitor of rabbit
muscle GPb (with respect to a-DD-glucose-1-phosphate (Glc-1-P)) with a Ki value of 5.9 (±0.1)mM. In order to elucidate the struc-
tural basis of inhibition, we determined the structure of GPb complexed with the phosphoramidate at 1.83Å resolution. The com-
plex structure reveals that the inhibitor binds at the catalytic site and induces significant conformational changes in the vicinity of
this site. In particular, the 280s loop (residues 282–287) shifts 0.4–4.3Å (main-chain atoms) to accommodate the phosphoramidate,
but these conformational changes do not lead to increased contacts between the inhibitor and the protein that would improve ligand
binding.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Inhibitors of glycogen phosphorylase (GP) have been
proposed as a therapeutic strategy for improving glycae-
mic control in type 2 diabetes mellitus and various stud-
ies have shown the efficacy of such compounds at
lowering blood glucose or inhibiting liver glycogenolysis
in vitro or in vivo.1–6 Inhibitor design for GP targets the
catalytic site,7–16 the AMP allosteric site,17–22 the inhib-
itor site23–25 and a novel allosteric inhibitor site, shown
to bind a number of indole-2-carboxamide inhibitors26–28

and N-benzoyl-N 0-b-DD-glucopyranosyl urea.14 More
specifically, the catalytic site has been probed with glu-
cose and glucose analogue inhibitors, designed on the
basis of information derived from the crystal structure
of T-state GPb.7–16 The common features of these com-
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pounds are that they are highly selective for GP, they are
competitive inhibitors with respect to the substrate Glc-
1-P, and they bind at the catalytic site and promote the
T state (less active) through stabilisation of the closed
position of 280s loop (residues 282–287), which blocks
access of the substrate glycogen to the catalytic site.

Novel glycosyl phosphoramidates have been recently
synthesised as isosteric analogues of glycosyl phos-
phates29 aiming to the development of carbohydrate-
based therapeutics. In this report we investigated
whether b-DD-glucopyranosyl bismethoxyphosphorami-
date (1), an analogue of Glc-1-P, inhibits GP activity.
Kinetic studies revealed that the phosphoramidate
inhibits muscle GPb with a Ki of 5.9mM. In order to
provide a stereochemical explanation for phosphorami-
date inhibition, we have determined the structure of
GPb-phosphoramidate complex at 1.83Å resolution.
The structure shows that phosphoramidate binds at
the catalytic site and induces substantial conformational
changes in the vicinity of the catalytic site.
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Scheme 1. Chemical structures of phosphoramidate (1) (with the numbering system used), its acetylated derivative (2), N-acetyl-b-DD-
glucopyranosylamine (3) and N-propionyl-b-DD-glucopyranosylamine (4).
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2. Materials and methods

The synthesis of phosphoramidate (1) (Scheme 1) was
described by Kannan et al.29 Rabbit muscle glycogen
phosphorylase b (GPb) was isolated, purified, recrystal-
lised and assayed as described.10 Kinetic studies per-
formed in the direction of glycogen synthesis in the
presence of constant concentrations of glycogen (1%
w/v), AMP (1mM), and various concentrations of Glc-
1-P (3–20mM) and phosphoramidate (2, 5, 7 and
10mM) showed that the compound exhibited competi-
tion (with respect to Glc-1-P) with a Ki of 5.9 ± 0.1mM.

Native T-state GPb crystals, grown in the tetragonal lat-
tice, space group P43212 (as described30), were soaked
with 150mM of phosphoramidate for 7.5h prior to data
collection. Diffraction data were collected from a single
crystal in room temperature using synchrotron radiation
source at Daresbury Laboratory, UK (beamline PX-9.6,
k = 0.87Å). Integration of reflections and data reduction
was performed using the HKL package.31

The crystal structure of GPb-a-DD-glucose was used as a
starting model for crystallographic refinement against
the experimental data applying a standard protocol as
implemented by CNS32 involving rigid body refinement
followed by positional and individual B-factor refine-
ment (with bulk solvent correction). 2Fo–Fc and Fo–Fc

electron density maps were calculated and visualised
using the program for molecular graphics �O�.33 Both
maps indicated that phosphoramidate bound at the cata-
lytic site of GPb inducing conformational changes to
residues lining the 280s loop. Additional density at the
allosteric site was interpreted as sulfate dianion. The
dianion is held by interactions with Arg242, Arg309
and Arg310, and contacts Wat282, which links to
Gln71 and Tyr155. Manual rebuilding of the protein
structure in the catalytic site as indicated by the electron
density maps was then performed. The coordinates of
the phosphoramidate model were obtained from the sin-
gle crystal structure of 2,3,4,6-tetra-O-acetyl-b-DD-gluco-
pyranosyl bismethoxyphosphoramidate (2).29 The
compound was fitted into the additional portion of den-
sity observed at the catalytic site after adjustment of the
torsion angles. Alternate cycles of refinement and man-
ual fitting of the protein residues and water molecules in
the density with the program �O�, improved the quality
of the model.

The stereochemistry of the protein residues was vali-
dated by PROCHECK.34,35 Hydrogen bonds and van
der Waals interactions were calculated with the program
CONTACT as implemented in CCP435 applying a dis-
tance cut off 3.3 and 4.0Å, respectively (Tables 2 and
3). The schematic representation of the crystal structures
presented in all figures were prepared with the programs
MOLSCRIPT36 and BOBSCRIPT37 and rendered with
RASTER3D.38 The coordinates of the new structure
have been deposited with the RCSB Protein Data Bank
(http://www.rcsb.org/pdb) with code: 1XC7.
3. Results and discussion

The phosphoramidate, (1), proved to be a weak inhibi-
tor of GPb. Kinetic studies performed at 30 �C and
pH6.8, in the direction of glycogen synthesis, showed
that the compound exhibited competitive inhibition
(Ki = 5.9mM) with respect to the substrate Glc-1-P
(data not shown). The inhibition by 1 is slightly better
than that of the parent sugar, b-DD-glucose
(Ki = 7.4mM). Crystallographic data collection process-
ing and refinement statistics for the structure determina-
tion of the compound are listed in Table 1. The overall
architecture of the T-state GPb with the location of the
catalytic site is presented in Figure 1. In the T-state en-
zyme there is no access for the substrate (glycogen) to
the catalytic site; access to this site is partly blocked
by the 280s loop (residues 282–287). a-DD-Glucose, a
competitive inhibitor of the enzyme (Ki = 1.7mM) that
promotes the T state through localisation of the closed
position of the 280s loop, binds at this site.7

The refined sigmaA weighted Fo–Fc and 2Fo–Fc electron
density maps clearly indicated binding of phosphorami-
date at the catalytic site (Fig. 2), consistent with the
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Table 3. Van der Waals interactions between phosphoramidate and

residues of the catalytic site of GPb

Inhibitor atom Protein atom No of

contacts

C1 His377 O 1

C2 His377 O; Glu672 OE1;

Wat272 O

3

C3 Glu672 OE1; Gly675 N;

Wat208 O; Wat322 O

4

C4 Gly675 N; Wat208 O 2

C5 Leu136 N; Wat208 O 2

C6 Gly135 C, O; Leu136 CA;

Leu139 CD2; His377 ND1;

Asn484 OD1

6

O2 His377 O 1

O3 Glu672 CA, CG, CD, C;

Ala673 C, N, CA, CB;

Ser674 CA, C; Gly675 CA

11

O4 Asn484 OD1; Ser674 CB, C;

Gly675 O, C, CA

6

O5 His377 CB, CG, ND1, O 4

O6 His377 CG, CE1; Leu139 CD2;

Val455 CG1, CG2; Asn484 CG

6

N1 His377 CB, C 2

O11 Leu136 CB 1

O12 Leu136 CD1; His377 CB 2

C15 Asp339 OD1; Thr378 CG2;

Wat348 O

3

C16 Asp283 O; Phe285 CE1 2

Total 56

Table 2. Hydrogen bond interactions between phosphoramidate and

residues of the catalytic site of GPb

Inhibitor atom Protein atom Distance (Å) Angle (�)

O2 Tyr573 OH 3.1 145.2

Glu672 OE1 3.2 173.9

Wat272 O 2.8 —

O3 Glu672 OE1 2.7 119.7

Ser674 N 3.0 170.1

Gly675 N 3.1 123.5

O4 Gly675 N 2.8 144.7

Wat208 O 2.7 —

O6 His377 ND1 2.8 162.9

Asn484 OD1 2.7 139.7

N1 His377 O 2.9 124.6

O11 Wat109 O 2.8 —

Wat109 O is hydrogen bonded to Asp283 OD1, Asn284 ND2 and

Wat207 O. Wat207 in turn is hydrogen bonded to Gly134 N, Gly137 N

and Glu88 OE2. Wat272 O is hydrogen bonded to Thr378 OG1,

Thr671 O, Ala673 N and Wat271 O. Wat271 O in turn is hydrogen

bonded to Val379 N, Thr671 O and Wat270 O. Wat270 O in turn is

hydrogen bonded to Gly670 O, Wat279 O and Wat271 O. Wat208 O is

hydrogen bonded to Thr676 OG1, PLP O3P and Wat322 O. Wat322 O

in turn is hydrogen bonded to PLP O2P and Wat108 O. Wat108 O in

turn is hydrogen bonded to Gly135 N, Asp283 OD1 and W107O.

Table 1. Diffraction data and refinement statistics of phosphoramidate

in complex with T-state GPb

Data collection and processing statistics

Experiment T-state GPb soaked with

150mM phosphoramidate

for 7.5h

No of images (�) 68 (54.4�)
Space group P43212

Unit cell dimensions a = b = 128.7, c = 116.2

a = b = c = 90�
Resolution (Å) 30.0–1.83

No of observations 616,082

No of unique reflections 84,865 (4137)

Rm (outermost shell)a 0.055 (0.479)

Completeness (outermost shell) (%) 98.3 (97.1)

Outermost shell (Å) 1.86–1.83

hI/r(I)i(outermost shell)b 13.2 (3.7)

Multiplicity (outermost shell) 4.5 (4.5)

B-values (Å2) (Wilson plot) 27.5

Refinement statistics and model quality

Resolution range (Å) 500.0–1.83

No of reflections used (free) 84,727 (4305)

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

(324–836)

No of protein atoms 6584

No of water molecules 330

No of heteroatoms 15 (PLP), 18

(phosphoramidate),

5 (SUL)

Final R (Rfree) (%)c 19.3 (21.1)

R (Rfree) (outermost shell) 25.6 (27.9)

r.m.s.d. in bond lengths (Å) 0.005

r.m.s.d. in bond angles (�) 1.24

r.m.s.d. in dihedral angles (�) 21.5

r.m.s.d. in improper angles (�) 0.79

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

(324–836)

Overall 34.2

Ca, C, N, O 32.1

Side chain 36.2

Average B (Å2) for heteroatoms 22.3 (PLP), 28.3

(phosphoramidate),

58.4 (SUL)

Average B (Å2) for water molecules 43.2

a Rm ¼
P

i

P
h j hIhi � I ih j =

P
i

P
hIh, where hIhiand Iih are the mean

and the ith measurement of intensity for reflection h, respectively.
b r(I) is the standard deviation of I.
c Crystallographic R ¼

P
jj F o j � j F c jj =

P
j F o j, where jFoj and

jFcj 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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kinetic results. There were no changes at the allosteric,
the new allosteric site or at the tower/tower helix subunit
interface (Fig. 1). In the bound phosphoramidate struc-
ture, the torsion angles O5–C1–N1–P, C1–N1–P–O11
and N1–P–O12–C15 are �104.3�, 0.1� and 87.4�, respec-
tively (Fig. 3), so that the conformation of the aglycon
moiety about the C1–N1, N1–P and P–O12 bonds is
altered from that observed (�81�, �26.3� and 46.6� cor-
respondingly) in the single crystal structure of the
fully acetylated derivative,29 2, in order to minimise
steric clash with Asn284. The primary hydroxyl group,
on the other hand, adopts essentially the same confor-
mation, gauche, (gg), in both cases as evident from the
torsion angle O5–C5–C6–O6 (�70� for the GPb–phos-
phoramidate complex and �66.9� for the free com-
pound 2).

The superposition of the structure of the GPb–phos-
phoramidate complex with the T-state GPb-a-DD-glucose
complex structure over well-defined residues (18–249,



Figure 1. A schematic diagram of the GPb dimeric molecule viewed down the molecular dyad. The positions are shown for the catalytic, allosteric

and the new allosteric site. The catalytic site, marked by phosphoramidate, shown in ball-and-stick representation, is buried at the centre of the

subunit and is accessible to the bulk solvent through a 15-Å-long channel. Upon binding of phosphoramidate to the enzyme, there is a significant

rearrangement of the 280s loop (shown in cream) within the catalytic site. The allosteric site, which binds the weak activator IMP (shown in

magenta), is situated at the subunit–subunit interface some 30Å from the catalytic site. The new allosteric inhibitor site, located inside the central

cavity, formed on association of the two subunits, binds indole-2 carboxamide analogues, N-benzoyl-N-b-DD-glucopyranosyl urea (shown in orange).

The position of the tower helix (residues 262–276) is also indicated.

Figure 2. SigmaA-weighted 2Fo–Fc electron density map of the refined phosphoramidate structure bound at the catalytic site of GPb. The map is

contoured at 1.0 r level.
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262–312 and 326–829) gave an r.m.s. deviation of
0.254Å for Ca atoms, indicating that the complexes
are overall similar. The glucopyranose moiety, of phos-
phoramidate, is located in a position similar to that
previously reported for a-DD-glucose,7 while the ligand
b-substituent occupies the so-called b-pocket, a side
channel from the catalytic site, directed towards residue
His341, but with no access to the bulk solvent. The
hydrogen bonding network (Table 2) to the peripheral
hydroxyls of the glucopyranose moiety is analogous to
that observed for the a-DD-glucose. In specific, O2 is
hydrogen bonded to Tyr573 OH, Glu672 OE1 and the



Figure 3. Superposition of the acetylated phosphoramidate structure

as defined by small molecule X-ray crystallography (shown in green)

with the phosphoramidate (shown in yellow) when bound at the

catalytic site of GPb.
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side chain OG1 of Thr378 as well as the main chain
atoms of Thr671 (O) and Ala673 (N) through a water
mediated interaction by Wat272. Wat272 is present in
the GPb-a-DD-glucose complex (Wat146) but appears to
have shifted by �0.8 Å in the GPb–phosphoramidate
structure. However, there is no hydrogen bond between
O2 and Asn284 ND2 of the 280s loop, which undergoes
conformational change (see below). O3 is forming
hydrogen bond interactions with both Glu672 OE1
and Ser674 N as in the GPb-a-DD-glucose complex and
an additional hydrogen bond with Gly675 N while O4
and O6 maintain their interactions with Gly675 N,
Wat208 and His377 ND1, Asn484 OD1, respectively,
in both complex structures (Fig. 4). The atomic posi-
tions of C1, C2, C5, O5 are slightly changed in the
GPb–phosphoramidate structure (compared to those
of a-DD-glucose) and exhibit shifts of �0.5–0.6Å (Fig. 5).
Figure 4. Stereo representation of the molecular interactions of phosphoram

labelled as w. Residues 88, and 671–676 are not shown for reasons of clarity
O11, of the bismethoxyphosphoramidate substituent, is
forming no direct hydrogen bond interactions with the
residues lining the catalytic site, however, it stabilises
the new conformation of the 280s loop through water-
mediated (Wat109) interactions with the side chains of
Asp283 OD1 and Asn284 ND2. O11 is also interacting
with backbone N atoms of the residues of the glycine-
rich helix (residues 130–137) Gly134 and Gly137 as well
as the side chain OE2 of Glu88. Wat109 (Wat233 in the
GPb-a-DD-glucose complex) appears to have shifted sig-
nificantly (�1.6Å) compared to its former position in
the GPb-a-DD-glucose complex since otherwise it would
form very close interactions with O11 (�1.6 Å). N1 of
phosphoramidate is hydrogen bonded to His377 O, an
interaction which is present in all b-DD-glucopyranosyl-
amine4,16 and spirohydantoin analogues of b-DD-gluco-
pyranose (Watson et al., unpublished results). O12 and
O13 atoms bonded to the phosphorus atom do not form
any polar interactions (Fig. 4). The overall water struc-
ture at the catalytic site has been maintained (as com-
pared to the GPb-a-DD-glucose complex) with the
exception of water molecules Wat272 and Wat109 that
have shifted, in order to form more favourable interac-
tions with the ligand, and Wat12 that was displaced in
order to avoid clashes with C15 ligand atom.

The closed conformation of the 280s loop in the T-state
enzyme has been well documented from a series of cryst-
allographic studies of GP in complex with a plethora of
glucose analogues.4 Recently, it was shown that this
flexible loop shifts 1.3–1.7 Å (Ca atoms) on binding of
N-benzoyl-N 0-b-DD-glucopyranosyl urea14 in order to
accommodate the ligand. In the present study, a new
conformational motif of the 280s loop was observed,
on phosphoramidate binding, at the catalytic site.
In specific, the main chain atoms of the residues of
the 280s loop shift as follows: Asn282 (0.8–3.0Å),
Asp283 (1.2–2.5 Å), Asn284 (3.1–4.3 Å), Phe285 (0.6–
1.7 Å), Phe286 (0.3–0.5Å) and Glu287 (0.3–0.4 Å). The
most remarkable shifts of the backbone atoms are
observed for residues Asn282, Asp283 and Asn284. In
particular, the shift of Asn282 resulted in a change of
idate when bound at the catalytic site of GPb. Water molecules are

.



Figure 5. Stereo diagram of the structures of GPb in complex with glucose (shown in green) and with phosphoramidate (shown in red). Residues 88,

and 671–676 are not shown for reasons of clarity.
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the dihedral v3 (Cb–Cc–Cd–Oe1) of Glu287 in order to
maintain the hydrogen bond interaction between
Asn282 ND2 and Glu287 OE2 (�2.7 Å) (3.3Å in the
GPb-a-DD-glucose structure). In addition, a new hydro-
gen bond between Asn282 O and Phe285 N (�3.0 Å) sta-
bilises the new conformation. Apart from the main
chain atoms, the side chain of Asp283 also changes sig-
nificantly. Thus, dihedral v2 (Ca–Cb–Cc–Od1) rotates by
�74� to satisfy the stereochemistry conditions imposed
by Asn284 conformational changes (shifts of backbone
atoms and rotation of side chain dihedral v2 by
�142�) (Fig. 5).

In the GPb–phosphoramidate complex, the conforma-
tional change of the side chain of Asp283 was followed
by a rotation of the imidazole ring (dihedral angle v1
of His571 rotates �27�). The water molecule Wat108
(W85 in GPb-a-DD-glucose) also shifts by �1.0 Å to
maintain its hydrogen bond with the carboxyl oxygen
of Asp283 OD1, and Wat109 (Wat233 in GPb-a-DD-glu-
cose) moves by 1.6 Å to mediate the hydrogen bonding
interactions of the ligand and the side chain of
Asp283. The new position of Asn284 creates more space
in order for the ligand to be accommodated at the cata-
lytic site, causing displacement of two water molecules
Wat143 and Wat302 (numbering from GPb-a-DD-glucose
complex) and a shift of Wat395 (Wat124 of GPb-a-DD-
glucose), that mediates the hydrogen bond interaction
of Asn284 OD1 and the backbone nitrogen of Asn282,
by �1.8Å. In its new position Asn284 is hydrogen
bonded (through OD1 and ND2) to OE1 of Glu88.

In the native T state GPb, and the GPb-a-DD-glucose
complex Phe285 is stacked close to Tyr613 and together
these two hydrophobic aromatic residues form the
inhibitor site, a site that binds caffeine and a number
of other fused ring compounds.4 In the GPb–phosphor-
amidate complex the side chain (v1) of Phe285 is rotated
by �100�. The new orientation of Phe285 with concomi-
tant changes in the adjacent His571, described above,
result in a destruction of the inhibitor site. In fact,
His571 approaches Phe285 and there are now extensive
contacts between CE1 of His571 and the atoms of the
aromatic ring of Phe285 (Fig. 5). In general the rear-
rangement of the 280s loop within the catalytic site on
binding phosphoramidate does not lead to increased
contacts between the inhibitor and the protein as in
the case of the N-benzoyl-N 0-b-DD-glucopyranosyl urea
binding. The strong affinity (Ki = 4.6lM) of the latter
compound for GPb could be interpreted in terms of its
extensive interactions with the protein.14 Also, in the
GPb–phosphoramidate complex, the plane of the carb-
oxyl group of Asp339 has flipped 90� about the
CB–CG bond with respect to its position in the GPb-
a-DD-glucose complex, which would place C15 atom close
to the carboxyl group of Asp339.

It is concluded that the restructuring of the 280s loop,
the small adjustments of the glucopyranose moiety, the
residues of the catalytic site and water structure, needed
to accommodate the ligand substituent, would presum-
ably have an energetic cost, in addition to the loss of
energy during desolvation, perhaps explaining the low
affinity of phosphoramidate for the enzyme.

Among the amido sugar derivatives evaluated till date,
N-acetyl-b-DD-glucopyranosylamine (3) is the best inhibi-
tor (Ki = 0.032mM) and the next best being the cor-
responding b-1-N-propionamido derivative (4, Ki =
0.039mM). A comparative analysis of the crystal
structures of GPb complexes of these two carboxamido
derivatives reported earlier11 with that of phosphorami-
date (1) in terms of aglycon conformation and network
of hydrogen bonding and van der Waals interactions re-
veals the following important similarities. Values of the
N-glycosidic torsion angle O5–C1–N1–P observed are
�98�, �92� and �104.3� for the GPb complexes of 3,
4 and 1, respectively. Incidentally, comparable values,
�93.8� 39 and �89.5� 40 have been reported for the free
forms of 3 and 4 indicating that the conformation about
the N-glycosidic bond has not been influenced much by
the binding forces acting at the catalytic site. Moreover,
in all three complexes, N1 is hydrogen bonded to His377
O and this is an essential feature contributing approxi-
mately 1.7kcal/mol to the binding energy.11 In contrast,
the three complexes do differ in the number of polar
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contacts and van der Waals interactions between GPb
and the aglycon atoms (3 polar and 15 nonpolar for 3,
3 polar and 16 nonpolar in 4 and 2 polar and 10 nonpo-
lar in 1).

In summary, the lesser number of these interactions ob-
served in the GPb–phosphoramidate complex and the
steric bulk of the aglycon moiety inducing unfavourable
conformational alterations in the 280�s loop appear to
have led to decreased affinity. Thus the present study
aimed at examining the inhibition of GPb by b-DD-
glucopyranosyl bismethoxyphosphoramidate has demon-
strated that this novel analogue of the substrate
Glc-1-P is a competitive inhibitor albeit with low affin-
ity. The present findings strengthen the earlier observa-
tions that a relatively bulky b-anomeric substituent
leads to diminished binding. Further work to examine
appropriately modified analogues with greater potency
is currently in progress.
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Biochem. 2002, 269, 1984.

15. Oikonomakos, N. G.; Skamnaki, V. T.; }Osz, E.; Szilágyi,
L.; Somsák, L.; Docsa, T.; Tóth, B.; Gergely, P. Bioorg.
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