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Abstract: The protein glycogen phosphorylase has been linked to type 2 diabetes, indicating the importance of this target 
to human health. Hence, the search for potent and selective inhibitors of this enzyme, which may lead to antihypergly-
caemic drugs, has received particular attention. Glycogen phosphorylase is a typical allosteric protein with five different 
ligand binding sites, thus offering multiple opportunities for modulation of enzyme activity. The present survey is focused 
on recent new molecules, potential inhibitors of the enzyme. The biological activity can be modified by these molecules 
through direct binding, allosteric effects or other structural changes. Progress in our understanding of the mechanism of 
action of these inhibitors has been made by the determination of high-resolution enzyme inhibitor structures (both muscle 
and liver). The knowledge of the three-dimensional structures of protein-ligand complexes allows analysis of how the 
ligands interact with the target and has the potential to facilitate structure-based drug design. In this review, the synthesis, 
structure determination and computational studies of the most recent inhibitors of glycogen phosphorylase at the different 
binding sites are presented and analyzed. 

Keywords: Glycogen phosphorylase, inhibitor, type 2 diabetes, structure-based drug design, antidiabetic agent. 

INTRODUCTION 

General Background – Diabetes, Glycogen Metabolism 

The end of the 20th century has witnessed a dramatic in-
crease in the number of patients diagnosed with diabetes 
worldwide. Diabetes mellitus is characterized by chronically 
elevated blood glucose levels, and afflicts approximately 6 % 
of the adult population in Western society [1]. There is a 
rapidly increasing incidence of type 2 diabetes which is 
predicted to reach 220 million by 2010 [2]. This represents a 
46% increase over ten years, which could even be an under-
estimate due to methodological uncertainties as well as undi-
agnosed cases [3]. The highest increases are expected in the 
developing countries of Africa, Asia, and South America, 
while European populations seem to be less affected [4]. 
Especially due to its long term complications like retinopa-
thy, neuropathy, and nephropathy, but particularly cardio-
vascular diseases, diabetes has become one of the largest 
contributors to mortality. 

Diabetes mellitus is divided into two main forms: type 1 
(T1DM) is an autoimmune disease characterized by a com-
plete insulin deficiency, and can be treated by exogenous 
insulin; type 2 (T2DM) involves abnormal insulin secretion 
and/or insulin resistance, and blood glucose levels of patients 
are controlled mainly by diet, exercise, and oral hypoglyce-
mic agents [5]. While the ratio of T1DM and T2DM was 
estimated to be ~ 25: 75 in the early nineties [6], the fre-
quency of the latter has increased to more than 90 % for 
today [1, 2]. The epidemic of T2DM is in conjunction with  
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genetic susceptibility: evidence for a genetic component to 
the disease are accumulating, and the potential of these fac-
tors in the treatment and prevention of diabetes has been 
reviewed [7, 8]. A similarly high contribution to this epi-
demic may originate from behavioral factors such as seden-
tary lifestyle, overly rich nutrition diets, and obesity. Recent 
years have seen the appearance and spreading of the disease 
among young people including children and this forecasts 
severe economic and health service burdens in the coming 
decades [9-11]. 

Although several pathomechanisms [12-14] are under in-
vestigation, in the absence of a firm understanding of the 
molecular origins of the disease several types of oral hypo-
glycemic drugs (sulfonylureas, biguanides, thiazolidinedi-
ones) are in use as symptomatic treatments for T2DM [15-
22]. -Glucosidase inhibitors (acarbose, miglitol, voglibose) 
are also widely used [23]. These treatments aim to more or 
less approach the normal physiological regulation of blood 
glucose levels, however, there are several adverse side ef-
fects as well as the danger of causing hypoglycemia [24]. 
Furthermore, these drugs are inadequate for 30-40 % of 
patients [25]. Therefore, other therapeutic possibilities 
(among these novel insulin secretagogues, insulin sensitizers, 
glucagon receptor antagonists, inhibitors of hepatic glucose 
output, combination therapies) have been intensively investi-
gated [1, 26-32], with a therapy solely based on nutrition 
also proposed [33]. 

Inhibition of Liver Glycogen Phosphorylase as an Inves-
tigational Concept in Fighting T2DM 

The liver is the predominant source of blood glucose. 
Numerous studies have shown that hepatic glucose produc-
tion is increased in type 2 diabetes in the post-absorptive 
state, and it is directly correlated to fasting hyperglycemia [1, 
27, 29, 34, 35]. Hepatic glucose is produced from two path-
ways: glycogenolysis (the breakdown of glycogen) and glu-
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coneogenesis (de novo synthesis of glucose). Glycogenolysis 
may account for more than 70 % of the hepatic glucose pro-
duction, furthermore, a substantial portion of glucose formed 
by gluconeogenesis [36] is cycled through the glycogen pool 
prior to efflux from the liver cells (for references, see [37]).  

Hepatic glucose output is regulated by a complex system 
of enzymes. The main regulatory enzyme of this system is 
glycogen phosphorylase (GP), and only the phosphorylated 
form (GPa) has significant activity. GPa releases glucose 1-
phosphate from glycogen suggesting an important role for 
glycogenolysis in hepatic glucose production. Glu-
coneogenesis from lactate and other precursor molecules can 
also contribute to the elevated blood glucose levels, how-
ever, it was clearly demonstrated that glucose arising from 
gluconeogenesis has cycled through glycogen. Therefore the 
inhibition of hepatic GP could suppress glucose production 
arising from both glycogenolysis and gluconeogenesis [27, 
38, 39]. 

Brief Description of GP (Isoforms, Binding Sites) 

There are three mammalian GP isoenzymes termed as 
“muscle”, “brain”, or “liver” GP depending on the tissue in 
which they are preferentially expressed and each encoded by 
different genes located on human chromosomes 11, 20, and 
14, respectively (for details see [39]). GP-s are dimers of two 
identical subunits (MW about 97500 Da) and all isoenzymes 
can be converted from the inactive form (GPb) into the ac-

tive GPa form through the phosphorylation of Ser-14 by 
phosphorylase kinase. In addition, muscle and brain specific 
GP-s are also allosteric enzymes: the b form can be found 
predominantly in T state and the a form in R state, respec-
tively. Allosteric activators (e.g. AMP) promote degradation 
of glycogen, while allosteric inhibitors (e.g. glucose, glucose 
6-phosphate, ATP) retard degradation by altering the equilib-
rium between a less active T state and a more active R state 
(for references see [38]). The liver specific GP, on the other 
hand, is much more tightly controlled by phosphorylation 
rather than by allosteric regulation. Allosteric effectors such 
as AMP and glucose 6-phosphate have little effect on the 
activity of the hepatic isoenzyme [34]. 

It is known that the activity of liver glycogen synthase 
(GS) is also controlled by reversible phosphorylation of 
multiple serine residues. The dephosphorylated form of GS 
is the catalytically active (GSa) form. Phosphorylation is 
associated with an inactivation of GS and conversion to the b 
form. The dephosphorylation of GP and GS is interrelated 
and catalyzed by the glycogen-associated protein phospha-
tase-1. GPa, but not GPb, is a potent inhibitor of the phos-
phatase action on GS and it is only when GPa has been 
dephosphorylated that the phosphatase is free to activate GS, 
the rate limiting enzyme of glycogen synthesis [34]. 

The existence of isoforms raises the question of the selec-
tivity of inhibition: for decreasing blood sugar levels the 
liver isoenzyme needs to be targeted without affecting the 

                         

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). A schematic diagram of muscle glycogen phosphorylase b dimer with bound ligands shown in ball-and-stick representation. One 
subunit (monomer) is coloured green and the other dark-green. (a) A view down the molecular dyad showing the positions of the catalytic 
site, inhibitor site, allosteric site, glycogen storage site and the new allosteric site. The catalytic site, which includes the essential cofactor 
pyridoxal-5'-phosphate (not shown), is buried at the center of the subunit accessible to the bulk solvent through a 15 Å long channel. 2-
Naphthoyl urea (Entry 6 in Table 4, shown in magenta) upon binding to the catalytic site induces a significant rearrangement of the 280s 
loop (shown in white) within the catalytic site. The allosteric site, which binds to an acyl urea derivative (Entry 3 in Table 13, shown in 
brownish), is situated at the subunit–subunit interface approximately 30 Å from the catalytic site. The inhibitor site, which binds flavopiridol 
(Entry 1 in Table 12, shown in yellow) is located on the surface of the enzyme approximately 12 Å from the catalytic site and, in the T state, 
obstructs the entrance to the catalytic site tunnel. The new allosteric inhibitor site, which binds Pfizer compound CP-526423 (73a shown in 
red), is located inside the central cavity formed on association of the two subunits. The glycogen storage site (with bound maltopentaose, 
shown in redish) is on the surface of the molecule approximately 30 Å from the catalytic site, 40 Å from the original allosteric site, and 50 Å 
from the new allosteric site. (b) A view rotated 90° with respect to (a) and normal to the 2-fold axis. (c) A view rotated 180° with respect to 
(a). 
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other two. This problem has been addressed recently indicat-
ing that the extent of glycogen phosphorylase inhibition that 
occurred during muscle contraction was not of a magnitude 
sufficient to measurably influence the glycogen metabolism; 
therefore, glycogen phosphorylase inhibition aimed at attenu-
ating hyperglycaemia is unlikely to negatively impact muscle 
metabolic and functional capacity [40]. Another study dem-
onstrated that a glycogen phosphorylase inhibitor might 
favour glycogen recovery after exercise by activating glyco-
gen synthase in glycogen deprived muscle cells [41]. On the 
other hand, carbohydrate utilization in muscle was impaired 
during prolonged low-intensity contraction contrary to high-
intensity contraction [42]. These sporadic data underline the 
need for further studies on tissue selectivity as well as for a 
more intensive search for liver-specific glycogen phosphory-
lase inhibitors [43, 44]. 

The aim of the present article is to highlight new mole-
cules which have been investigated as inhibitors of glycogen 
phosphorylase, and therefore may have the capacity for di-
minishing glucose production in the liver. Special emphasis 
is laid on new inhibitors and informations about older mole-
cules which have been discovered since the appearance of 
the last review articles [38, 45-47]. The compounds are dis-
cussed according to binding sites.  

INHIBITORS ACCORDING TO BINDING SITES 

Five different binding sites (Fig. 1) have been the targets 
for compounds that might prevent unwanted glycogenolysis 
under high glucose concentrations, thus offering multiple 
opportunities for GP modulation.  

Catalytic Site 

The catalytic site is buried at the centre of the monomer, 
where domains 1 (residues 1-484) and 2 (residues 485-842) 
come together, accessible to the bulk solvent through a 15 Å 
long channel; the site has been extensively investigated with 
glucose analogue inhibitors that bind at this site and promote 
the less active T state through stabilisation of the closed 
position of the 280s loop (residues 282 to 287), between 
helices 7 (residues 261-274) and 8 (residues 289-314), 
and blocks access of the substrate (glycogen) to the catalytic 
site. This position prevents the crucial conformational 
changes that take place on activation of the enzyme that are 
critical for catalytic activity and create the phosphate recog-
nition site. Residues that contribute to the catalytic site come 
from 6 (134-150), 13 (371-376), and 18 (478-484) in 
domain 1 and from 19 (562-570), the loop (571-574) be-
tween 19 (562-570) and 18 (575-593), and the loop (666-
675) between 22 (661-665) and 21 (676-684) in domain 2 
[48-50]. On transition from T state to R state (activation of 
the enzyme), the 280s loop becomes disordered and dis-
placed, opening a channel that allows a crucial residue, 
Arg569, to enter the catalytic site in place of Asp283 and 
create the recognition site for the substrate phosphate; that 
also allows access of the glycogen substrate to reach the 
catalytic site and promotes a favourable electrostatic envi-
ronment for the 5'-phosphate of the essential cofactor pyri-
doxal-5'-phosphate (PLP); the substrate phosphate site is 
within hydrogen-bonding distance of the 5'-phosphate group 
of PLP [51-54]. A further significant conformational change 
observed in the non-allosteric active maltodextrin phos-
phorylase (MalP) structure on binding oligosaccharide in-
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volves movement of the 380s loop (377-384) which results 
in closure of the catalytic site and creation of the recognition 
site for oligosaccharide [55]. 

N-Glucosidic Derivatives 

N-Acetyl- -D-glucopyranosylamine [56] (Table 1, Entry 
1) was among the first efficient glucose analogue inhibitors 

Table 1. Inhibitory Efficiency of N-Acyl- -D-glucopyranosylamines Towards RMGPb [63] 
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of GP. A large array of compounds with the N-acyl- -D-
glucopyranosylamine structure was synthesized, tested, and 
also reviewed earlier (see [38, 45] and refs. cited therein). A 
widely applied general method for the preparation of such 
compounds uses per-O-acetylated -D-glucopyranosyl azide 
3 in a Staudinger reaction to give an intermediate 
phosphinimine which, without being isolated, is then reacted 
with a carboxylic acid or acid chloride or anhydride to get 
protected compounds of type 6 (Scheme 1, for an exhaustive 
review see [57]). Alternative synthetic routes (e. g. 6 (R = 
Ac) can also be obtained by acylation of per-O-acetylated -
D-glucopyranosylamine 1) have been critically surveyed 
[58]. Subsequent deprotection yields test compounds of type 
6 (R = H), and several recent examples as inhibitors of rabbit 
muscle glycogen phosphorylase b (RMGPb) are collected in 
Table 1. 

Substitution in the methyl group of N-acetyl- -D-
glucopyranosylamine makes the inhibition weaker (compare 
Entries 1 and 2-8). Very recently structural details of the 
binding of the N-acetyl- and N-trifluoroacetyl derivatives 
(Entries 1 and 2) to RMGPb were studied explaining the 
differences resulting in the weaker binding of the latter [59]. 
Longer aliphatic chains with an aromatic endgroup (Entries 
8-11) render the inhibitors into the low micromolar range 
while the flexibility and orientation of the chain as well as 
the size of the aromatic moiety are important factors. Re-
placement of the methyl group by an aromatic ring (Entries 
12-16) does not improve the binding although the 2-
naphthoyl derivative has a slightly better effect than the 
acetamide (compare Entries 1 and 16). This, together with 
the properties of the cinnamoyl and 2-naphthylacryloyl de-
rivatives (Entries 9 and 10), reveals the importance of inter-
actions of inhibitors in the -channel of the catalytic site. 

Reaction of protected glucopyranosyl azide 3 with 
trimethyl phosphite (a modification of the Staudinger meth-
odology) resulted in the corresponding N- -D-glucopyr-
anosyl phosphoramidate which, after deprotection, gave the 

test compound shown in Entry 17 [60]. Changing the acyl 
residue of N-acyl- -D-glucopyranosylamines to a phos-
phoryl group resulted in a significant loss of inhibition [61]. 

N-( -D-glucopyranosyl)-(4-phenyl-1,2,3-triazol-1-yl) 
acetamide (Entry 18) obtained by azide–terminal acetylene 
„click” chemistry from the corresponding azido-acetamide 
(cf. Entry 3) proved a modest inhibitor [62]. 

The binding modes of some of the N-acyl- -D-
glucopyranosylamines collected in Table 1 were studied by 
X-ray crystallography, and comparisons gave deeper insights 
into the effects of some particular substituents. Common 
features of these compounds are that they bind at the cata-
lytic site and promote the T state (less active) through stabi-
lisation of the closed position of 280s loop (residues 282–
287), which blocks access of the substrate glycogen to the 
catalytic site. Also, an interaction that is conserved in each 
compound of this class is the hydrogen bond from the amide 
nitrogen (N1) to the carbonyl O of His377. E.g. NAG (Table 
1, Entry 1) binds to the protein [59] without significant struc-
tural changes within the catalytic site. Residues of the 280s 
loop are in the same position where they are found in the 
RMGPb- -D-glucose complex. NAG, by making a hydrogen 
bond (through its O2 hydroxyl) and 10 van der Waals con-
tacts to Asn284, stabilizes the geometry of the 280s loop. 
The hydrogen-bonding distance of N1 to the main-chain O of 
His377 is 2.9 Å. There are, in total, 15 hydrogen bonds and 
61 van der Waals interactions (6 nonpolar/nonpolar, 10 po-
lar/polar and 45 nonpolar/polar) in the RMGPb-NAG com-
plex [59]. 

The non-polar substitution, made by replacing the methyl 
group of NAG by a phenyl group (NBzG, Table 1, Entry 12), 
resulted in an inhibitor with a Ki value of 81 μ . The struc-
ture of the RMGPb-NBzG complex, now determined at 2.1 
Å resolution (100 mM soak for 4 hrs) showed that the hy-
drogen bond between the amide N1 with CO of His377 is 
maintained (the hydrogen-bonding distance is 3.1 Å), and the 
O7 is hydrogen-bonded to Asp283 OD1 through a water 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Comparison between the RMGPb NBzG complex (for NBzG, shown in light grey, see Entry 12 in Table 1) and the RMGPb-NAG 
complex (for NAG, shown in dark grey, see Entry 1 in Table 1), in the vicinity of the catalytic site. 
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molecule (Wat164), which in turn is hydrogen bonded to 
Glu88 OE2 and Gly134 N through another water molecule 
(Wat67). The atomic positions of C1, N1, C7, and O7 are 
changed in the RMGPb–NBzG structure (compared to those 
of NAG) and exhibit shifts of 0.5, 0.6, 0.8, and 0.9 Å, re-
spectively. NBzG can be accommodated in the catalytic site 
with some changes in water structure and shifts of residues 
in the vicinity. Briefly, in order to avoid a clash, the Asp339 
side chain moves away from the ring but does not flip; in 
order to minimise steric clash with Asn284, this residue 
shifts away from the ligand, with concomitant shifts of the 
other residues of the 280s loop. The most remarkable shifts 
of the C  atoms are observed for residues Asn282 (0.6 Å), 
Asp283 (0.6 Å), Asn284 (0.8 Å), Phe285 (0.6 Å), Phe286 
(0.7 Å), Glu187 (0.9 Å), and Gly288 (0.7 Å). NBzG, on 
binding to the enzyme makes a total of 12 hydrogen bonds, 
and 75 van der Waals interactions (11 nonpolar/nonpolar, 14 
polar/polar, 50 nonpolar/polar) with protein. The result of 
restructuring of the 280s loop, other residues in the vicinity 
(e.g. Asp339), the small adjustments of the glucopyranose 
moiety and water structure needed to accommodate the 
ligand may explain the increase in Ki value. The structural 
comparison of RMGPb-NBzG complex with the RMGPb-
NAG complex is shown in Fig. (2).  

The replacement of the methyl of NAG by a 2-naphthyl 
group resulted in an inhibitor (N2NG, Table 1, Entry 16) 
with a Ki value of 4 μ . N2NG can be accommodated 
within the catalytic site with the naphthyl moiety inclined 
~50 degrees with respect to the phenyl ring of NBzG, with 
only small shifts of the residues of the 280s (0.2-0.3 Å) and 
the 380s (0.3-0.5 Å) loops, and changes in water structure in 
order to optimize contacts. O7 makes a direct hydrogen 
bonding interaction to Leu136 N and indirect interactions to 
Asp283 OD1 (through Wat185) and Wat71; Wat71 is in turn 
hydrogen bonded to Glu88 OE2, Gly134 N, and Gly137 N. 
These contacts promote the closed geometries and give rise 
to increased rigidity of the 280s and 380s loops. The hydro-
gen-bonding distance of N1 to the main-chain O of His377 is 

3.3 Å, and the atomic positions of C1, N1, C7, and O7 are 
changed in the RMGPb–N2NG structure (compared to those 
of NAG) and exhibit shifts of 0.6, 0.9, 1.2, and 1.3 Å, re-
spectively. Also, the side-chain of Asp339 moves away from 
the naphthyl group to avoid bad contacts. There are in total 
15 hydrogen bonds, and 106 van der Waals interactions (15 
nonpolar/nonpolar, 15 polar/polar, 76 nonpolar/polar). These 
extensive contacts might provide an explanation for the in-
creased affinity of N2NG compared to that of the lead com-
pound NAG. The structural comparison of RMGPb-N2NG 
complex with the RMGPb-NAG complex is shown in Fig. 
(3). 

In order to further test the interactions in the -channel, a 
series of N- -D-glucopyranosyl monoamides of dicarboxylic 
acids were prepared [66] from 3 by using variants of the 
Staudinger methodology. The idea was to place a strongly 
polar group (COOH) at various distances from the sugar 
moiety also offering easy modification of the polar character 
by a simple esterification (to COOMe). These compounds 
(Table 2) showed weaker affinity to the enzyme, and the best 
inhibitor of the series was the succinic acid derivative in 
Entry 2. This compound with a polar endgroup has a rather 
flexible linker, and this is in sharp contrast to the compounds 
having apolar groups attached to an aliphatic chain (Table 1, 
Entries 8-11) where the rigidity of the linker appeared to be 
important for the strong binding. 

AS further representatives of N-acyl- -D-gluco-
pyranosyl-amines, oxamic acid and oxamide derivatives* 
[67] were synthesized from 1 (Scheme 1) by treatment with 
oxalyl chloride followed by a second amine. In each of these 
transformations N,N'-bis-(2,3,4,6-tetra-O-acetyl- -D-gluco-
pyranosyl)oxamide was formed as a by-product. The depro-
tected derivatives are shown in Table 3. While N- -D-
glucopyranosyl oxamic acid and its simple esters (Entries 1-

                                                
* Czifrák, K.; Felföldi, N.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Kiritsi, C.; Siafaka-
Kapadai, A.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in 

preparation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Comparison between the RMGPb N2NG complex (for N2NG, shown in light grey, see Entry 16 in Table 1) and the RMGPb NAG 
complex (for NAG, shown in dark grey, see Entry 1 in Table 1), in the vicinity of the catalytic site. 
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3) proved weak inhibitors, binding of oxamides (Entries 4-9) 
was stronger depending on the substituent of the second 
nitrogen. In the presence of aliphatic moieties (Entries 4 and 
5) the inhibition was worse than that of the oxamic acid 
derivatives. For aromatic oxamides the inhibitor constants 
were in the low micromolar range, and size and orientation 
of the ring(s) proved to be a decisive factor (Entries 6-9) 
rendering the 2-naphthyl derivative (Entry 9) the best inhibi-
tor of the series. The bis-glucopyranosyl compound (Entry 
10) showed no significant inhibition. 

N-Acetyl- and N-benzoyl-N'- -D-glucopyranosyl ureas* 
(Table 4, Entries 1 and 9, resp.) were tested and revealed the 
latter as a very efficient inhibitor [68]. Several analogous 
structures were prepared by extensively investigated syn-
thetic pathways. Thus, glucosyl azide 3 (Scheme 1) was 
transformed by a modified Staudinger protocol [69] into per-
O-acetylated N- -D-glucopyranosyl urea (7) which was then 
acylated to 5 (R' = acyl) by an acid chloride in the presence 
of catalytic ZnCl2

*#. In another route glucosylamine 1 was 
                                                
* Nagy, V.; Felföldi, N.; Praly, J.-P.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Tiraidis, 
C.; Alexacou, K.M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, 
L. in preparation. 
# Chrysina, E.D.; Nagy, V.; Felföldi, N.; Telepó, K.; Praly, J.-P.; Docsa, T.; Gergely, 

transformed into the corresponding isocyanate 2 which was 
reacted at high temperature with carboxamides to give 5 (R' 
= acyl)#. Reaction of 1 with acyl-isocyanates also furnished 
the target compounds of type 5 (R' = acyl)*. Very recently, 
synthesis of N-substituted-N’- -D-glucopyranosyl ureas 
inclusive N-acyl derivatives was described from the unpro-
tected -D-glucopyranosylammonium carbamate [70]. 

Kinetic results for these derivatives are shown in Table 4. 
Replacement of the methyl group of the acetyl urea by cy-
clohexyl (Entry 2) or aralkyl substituents (Entries 3 and 4) 
resulted in a loss of activity. Substitution at the aromatic 
position 4 of the benzoyl urea by neutral aliphatic (Entries 10 
and 11), aromatic (Entry 13), polar (Entry 14), or halogen 
(Entry 17) moieties, as well as slightly basic (Entry 15) or 
acidic (Entry 16) groups did not strengthen the binding com-
pared to the parent compound. However, introduction of a 
sterically demanding and strongly hydrophobic group (Entry 
12) in the same position made an inhibitor stronger by al-
most an order of magnitude. An increase in the size of the 
aroyl group (Entries 5-7) revealed the importance of the 

                                                                                
P.; Alexacou, K.M.; Hayes, J.M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, 
N.G.; Somsák, L. in preparation. 

Table 2. N- -D-Glucopyranosyl Monoamides of Dicarboxylic Acids as Inhibitors of RMGPb [66] 

 

O

OH
HO

HO

OH
H
N linker

O

COOR

 

Entry 

–linker– R Ki [μM] IC50 [μM] 

1. –(CH2)2– CH3 170  

2. –(CH2)2– H 20  

3. –(CH2)3– CH3 83  

4. –(CH2)3– H no effect in 625 μM 

5. –(CH2)4– H  7900 

6.  CH3  1000 

7.  H no effect in 625 μM 

8. 

 

H no effect in 625 μM 

9. 

 

CH3 580  

10. 

 

H  4000 

11. 

 

CH3 329  

12. 

 

H no effect in 625 μM 
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orientation of the aromatic appendage, and the 2-naphthoyl 
derivative (Entry 6) exhibited the strongest inhibition among 
acyl ureas. Entries 6 and 12 represent the first nanomolar 
glucose analogue inhibitors of GP. Observations with the 
acyl ureas confirm the significance of contacts between en-
zyme and inhibitor in the -channel: the present series of 
compounds underlines the role of van der Waals and hydro-
phobic interactions of suitably sized and oriented aromatic 
moieties properly substituted by hydrophobic groups.  

Inhibition by the 2-pyridyl derivative (Entry 8) proved 
significantly weaker than that by benzoyl urea (Entry 9). A 
structural comparison between the RMGPb 2-Py-urea com-
plex and RMGPb Bz-urea complex over well defined resi-
dues (24-249, 261-281, 289-313, 326-549, 558-830) shows 
that the structures superimpose quite well and they closely 

resemble each other in the vicinity of the catalytic site. The 
orientation of the 2-pyridyl nitrogen away from Glu88 is 
predominantly favoured, and is also predicted by docking#. 
The reason for this may be that the lone-pair of N in the 
pyridine ring can form an intramolecular H-bond with the 
NH (N2) of the urea in this orientation. In the other orienta-
tion it is close to the O of the acyl carbonyl. So this means 
that the 2-pyridyl ligand has less entropy compared to the 
benzoyl urea ligand. The kinetics indicate that compound in 
Entry 8 loses more entropy – and this could be because on 
going from a polar (H2O) environment to a non-polar envi-
ronment (cavity), the intramolecular bond in the 2-

                                                
# Chrysina, E.D.; Nagy, V.; Felföldi, N.; Telepó, K.; Praly, J.-P.; Docsa, T.; Gergely, 
P.; Alexacou, K.M.; Hayes, J.M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, 
N.G.; Somsák, L. in preparation. 

Table 3. N- -D-Glucopyranosyl Oxamic Acid and Oxamide Derivatives as Inhibitors of RMGPb 

 

O

OH
HO

HO

OH
H
N

O

R

O

 
 

Entry R Ki [μM] Ref. 

1. OH 710 

2. OCH3 210 

3. OCH2CH3 920 

4. 
H
N

 
1410 

5. N[CH(CH3)2]2 no inh. 

[67] 

6. 

H
N

 

100 

7. 
N

H
N

 

230 

8. 

NH

 

144 

9. 

H
N

 

56 

* 

10. 
O H

N
OH

HO
HO

OH

O

N
H

O

O

HO
OH

OH

HO  

 Ki = 1460 μM*  

*Czifrák, K.; Felföldi, N.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Kiritsi, C.; Siafaka-Kapadai, A.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in preparation. 
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Fig. (4). Comparison between the RMGPb Bz-urea complex (for Bz-urea, shown in dark grey, see Entry 9 in Table 4) and the RMGPb Py-
urea complex (for Py-urea, shown in light grey, see Entry 8 in Table 4), in the vicinity of the catalytic site.  
 
Table 4. Inhibitory Efficiency of N-Acyl-N'- -D-glucopyranosyl Ureas with RMGPb 

 

O

OH
HO

HO

OH
H
N

H
N

O O

R

 

O

OH
HO

HO

OH
H
N

H
N

O O

R

 

Entry R Ki [μM] IC50 [μM] Entry R Ki [μM] 

1. –CH3  305 [68]  
9. 
 

–H  
(Bz-urea) 

4.6 [68] 

2. 

 

 5000 # 10. –CH3 2.3 * 

3. 

 

 10000 † 11. –CF3 1.8 # 

12. –C(CH3)3 0.7 # 

4. 

 

 >5000 † 

13. –C6H5 3.7 * 

5. 

 

  15 #  14. –NO2 3.3 * 

6. 

 

    0.35 #  15. –NH2 6.0 * 

7. 
N
H  

    4.0 #  16. –OH 6.3 * 

8. 
N  

(Py-urea) 

  68 #  17. –Cl 4.4 * 

#Chrysina, E.D.; Nagy, V.; Felföldi, N.; Telepó, K.; Praly, J.-P.; Docsa, T.; Gergely, P.; Alexacou, K.M.; Hayes, J. M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Som-
sák, L. in preparation. 
*Nagy, V.; Felföldi, N.; Praly, J.-P.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Tiraidis, C.; Alexacou, K.M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in 

preparation. 
†Felföldi, N.; Nagy, V.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Alexacou, K.M.; Hayes, J. M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in preparation. 
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pyridyl derivative is more tightly held. Also, a non-polar 
benzoyl group going from polar H2O to a non-polar region of 
cavity will have a greater enthalpy contribution to binding. 
This may provide an explanation for the higher affinity of 
benzoyl urea compared to the 2-pyridyl derivative. The 
structural comparison of RMGPb 2-Py-urea complex with 
the RMGPb Bz-urea complex is shown in Fig. (4). 

From the studies with N-acyl- -D-glucopyranosylamines 
(selected examples in Table 5, Entries 1A-D, 3A, 7-9A, and 
8D) and N-acyl-N'- -D-glucopyranosyl ureas (Entries 4A-D, 
11A, and 13B) it became clear that the length of the linker 
chain as well as its atomic composition between the sugar 
and the aromatic group had strong influence on the inhibi-
tion. To have a more systematic picture of the role of the 
linker additional compounds were synthesized according to 
the reactions summarized in Scheme 1. Protected N-aryl-N'-

-D-glucopyranosyl ureas were prepared either by acid cata-
lyzed hydration of carbodiimide 4 obtained from azide 3 via 

reaction of the Staudinger phosphinimine with the corre-
sponding isocyanate, or by the addition of glucosylamine 1 
to the isocyanate†. Test compounds obtained by subsequent 
deprotection are shown in Entries 2A, 2C, 2D, and 5A. N-
Phenyl-N'- -D-glucopyranosyl biuret was prepared by react-
ing isocyanate 2 with phenyl urea, and N-(2-naphthoyl)-N'- -
D-glucopyranosyl biuret was obtained in a reaction of glu-
copyranosyl urea 7 with 2-naphthoyl-isocyanate both fol-
lowed by Zemplén deprotection (Entries 10A and 12D, re-
spectively)†. 

Comparing the inhibitors listed in Table 5 clearly indi-
cates that the best ones have a 4 atom linker and within this 
group the acyl urea structures -D-Glcp-NHCONHCO-aryl 
are the most efficient. Although compounds having Ki values 
in the low micromolar range can be found among aryl-

                                                
† Felföldi, N.; Nagy, V.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Alexacou, K.M.; 
Hayes, J.M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in 

preparation. 

Table 5. Comparison of N-Acyl- -D-glucopyranosylamines, N-Substituted-N'- -D-glucopyranosyl Ureas and Related Compounds 

as Inhibitors of RMGPb (Ki [μM]) 

 

Ar 

O

OH
HO

HO

OH

linker Ar

 
A B C D 

Entry linker 

 

CH3

 
 

 

1. 

 

NHCO 

 2 
at

om
s 

81 [56] 

144 [64] 

4500 (IC50) [63] 

 

444 [63] 

 

4 (10[63]) 

(N2NG) 

NHCONH 18 † - 350 (IC50) † 5.2 † 
2. 

 (Ph-urea)   (2-Naphthyl- urea) 

3. NHCOCH2 

3 
at

om
s 

1100 (IC50) [63] - - - 

NHCONHCO 4.6 [68] 2.3 * 10 # 0.35 # 
4. 

 (Bz-urea)   (2-Naphthoyl- urea) 

5. NHCONHCH2 
42 %  

(1 mM) † 
- - - 

6. NHCOOCH2 350 [56] - - - 

7. NHCOCH2CH2 85 [63] - - - 

8. NHCOCH=CH 18 [63] - - 3.5 [63] 

9. NHCOC C 

4 
at

om
s 

62 [63] - - - 

10. NHCONHCONH 21 † - - - 

11. NHCONHCOCH2 5 
at

om
s 

600 † 

(PhAc-urea) 
- - - 

12. NHCONHCONHCO - - - 45 %  
(625 μM) † 

13. NHCONHCOCH=CH 6 
at

om
s 

- 16 † - - 

†Felföldi, N.; Nagy, V.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Alexacou, K.M.; Hayes, J. M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in preparation. 
*Nagy, V.; Felföldi, N.; Praly, J.-P.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Tiraidis, C.; Alexacou, K.M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in 

preparation. 
#Chrysina, E.D.; Nagy, V.; Felföldi, N.; Telepó, K.; Praly, J.-P.; Docsa, T.; Gergely, P.; Alexacou, K.M.; Hayes, J. M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; 
Somsák, L. in preparation. 
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amides and -ureas, comparisons of compounds having the 
same aromatic group (cf. the respective columns A-D in 
Table 5) demonstrate the superiority of the acyl ureas. The 
NHCO, NHCONH, NHCONHCO, and NHCONHCONH 
linkers are rigid and planar structures. Replacement of the 
element next to the aromatic part (compare Entries 2A and 
3A; 4A, 5A, and 6A; 10A and 11A) and/or elongation of the 
chain (compare Entries 1A and 3A; 2A and 5A; 4A and 11A) 
by a methylene group, which breaks the rigidity and makes 
the endgroup freely rotatable, results in a significant loss of 
binding strength (cf X-ray comparison below). Exchange of 
an NHCO moiety in acyl ureas to a two-carbon element 
(compare Entries 4A to 7-9A and 4D to 8D) makes the inhi-
bition again weaker, however, maintaining the rigidity seems 
less detrimental (Entries 8A and 8D). Elongation of the 
NHCONHCO linker by two atomic rigid moieties (Entries 
12D and 13B) proved also not beneficial. As a conclusion 
considering the above one can state that the whole acyl urea 
part linking the sugar to an aromatic system of suitable size 
and orientation is necessary for a good inhibitor.  

Elongations of the NHCO linkers to NHCONH moieties 
(compare Entries 1 and 2 in Table 5) brought about only 
modest improvement of binding. Some of these compounds 
were compared crystallographically.  

The structure of the RMGPb Ph-urea (Entry 2A) com-
plex determined at 2.15 Å resolution (100 mM soak for 2 
hrs) showed that, on ligand binding, the closed position of 
the 280s loop is maintained. O7 makes direct hydrogen 
bonding interactions with Asn284 ND2 and indirect polar 
contacts to Leu136 N and Asp283 OD1 through a water 
molecule (Wat40). The hydrogen bonding interaction of 
amide N1 with CO of His377 (distance=3.0 Å) is main-
tained, while N2 makes indirect hydrogen bonding interac-
tions to Asp339 OD1 through Wat51. There are some 
changes in water structure (compared with RMGPb-NAG 
complex). There are in total 16 hydrogen bonds, and 92 van 
der Waals interactions (11 nonpolar/nonpolar, 12 polar/polar, 
59 nonpolar/polar) in the RMGPb Ph-urea complex as com-
pared to 15 hydrogen bonds and 61 van der Waals interac-

tions (6 nonpolar/nonpolar, 10 polar/polar and 45 nonpo-
lar/polar) in the RMGPb-NAG complex (Fig. 5). 

The structure of the RMGPb 2-Naphthyl-urea (Entry 
2D) complex determined at 1.96 Å resolution (crystal soaked 
with 4.6 mM for 2.5 hrs) showed the side-chains of Asp339 
(CG atom shifts 0.8 Å) and His341 (CE1 atom shifts 0.5 Å) 
move away from the naphthyl group and side-chain of 
Leu136 flips to avoid bad contacts. The hydrogen bonding 
interaction of amide N1 with CO of His377 (distance=2.9 Å) 
is maintained. N2 makes a rather longer contact with Asn284 
OD1 (3.4 Å) and an indirect hydrogen bonding interaction 
with Asp339 OD1 through a water molecule (Wat107). 
There are small shifts of the residues of the 280s loop (0.3-
0.4 Å) and the 380s loop (0.3-0.5 Å). With the exception of 
some changes in water structure, the RMGPb 2-Naphthyl-
urea and RMGPb-NAG complex structure superimpose quite 
well in the vicinity of the catalytic site (Fig. 6). There are in 
total 14 hydrogen bonds, and 101 van der Waals interactions 
(11 nonpolar/nonpolar, 12 polar/polar, 78 nonpolar/polar). 

Elongation of the -NHCONHCO- by a methylene group, 
as in compound PhAc-urea (Table 5, Entry 11A) results in 
poor affinity (Ki = 600 μM). The conformation of the bound 
compound is not identical with that described for the Bz-urea 
for the catalytic site (100 mM soaking of a crystal of 
RMGPb for 3 hrs, resolution=2.1 Å) (Fig. 7). In the bound 
PhAc-urea structure, the torsion angle O7-C7-N2-C8 is 178°, 
so that the conformation about the C7-N2 bond is in trans 
geometry, significantly different from that of Bz-urea (0°) in 
the catalytic site. The trans geometry directs the phenyl 
group in a pocket formed by residues Asp283, Asn284, 
Leu380, His571 and Tyr573. Carbonyl O8, which in the 
RMGPb Bz-urea complex forms a hydrogen bonding inter-
action to Asp283 OD1 and contacts Gly134 N, Leu136 N, 
Gly137 N, and Glu88 OE2 through a water molecule, is not 
involved in any hydrogen bonding interactions in the 
RMGPb PhAc-urea complex, but it contacts carbonyl O of 
His377 (3.6 Å) and Thr378 CB (3.6 Å) and CG2 atoms (3.7 
Å). There are in total 15 hydrogen bonds and 94 van der 
Waals interactions (19 nonpolar/nonpolar, 13 polar/polar, 62 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Comparison between the RMGPb Ph-urea complex (for Ph-urea, shown in light grey, see Entry 2A in Table 5) and the 
RMGPb NAG complex (for NAG, shown in dark grey, see Entry 1 in Table 1), in the vicinity of the catalytic site. 
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Fig. (6). Comparison between the RMGPb 2-Naphthyl-urea complex (for 2-Naphthyl-urea, shown in light grey, see Entry 2D in Table 5) and 
the RMGPb-NAG complex (for NAG, shown in dark grey, see Entry 1 in Table 1), in the vicinity of the catalytic site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). Comparison between the RMGPb PhAc-urea complex (for PhAc-urea, shown in light grey, see Entry 11A in Table 5) and the 
RMGPb Bz-urea complex (for Bz-urea, shown in dark grey, see Entry 4A in Table 5), in the vicinity of the catalytic site. 

nonpolar/polar) in the RMGPb PhAc-urea complex. Jaguar 
DFT (Jaguar, version 7.0) and Glide docking (Glide, version 
4.5) calculations were used to investigate the source of such 
a large difference in Kis for two ligands differing by only a –
CH2- link. B3LYP optimizations using the 6-31G* basis set 
on model structures with the -D-glucose moiety replaced by 
a methyl group revealed the trans form of the ligands with an 
intra-molecular hydrogen bond to be ~12 kcal/mol and ~ 7 
kcal/mol more stable in gas and water (modelled using a 
Poisson-Boltzmann solver continuum model) phases at this 
level of theory, respectively. Glide-SP docking calculations 
replicate experiment in predicting the cis form of the Bz-urea 
ligand as the preferable binding form as it fits better to the 
shape of the active site – the phenyl ring can be accommo-
dated better and the ligand has greater flexibility. The trans 
form of the PhAc-urea is predicted to be the most favourable 
binding form by docking also in agreement with experiment, 

although a cis binding pose slightly lower in docking score is 
also located. Inspection and comparison of the docking poses 
for Bz-urea and PhAc-urea suggests that the most significant 
factor regarding the large difference in Kis for binding of the 
ligands is the entropy cost of freezing the extra rotatable  
–CH2  group of PhAc-urea in the active site due to the con-
nected phenyl group being locked between active site resi-
dues. Greater steric effects restricting phenyl group flexibil-
ity in the the RMGPb PhAc-urea complex compared to the 
RMGPb Bz-urea complex could also be cited†. 

Acyl urea (Table 6, Entries 1-4) and oxamide (Entries 6-
9) derivatives are constitutional isomers. A comparison of 
the inhibitory efficiencies indicates that binding to the en-
zyme is significantly stronger for ureas than for oxamides. 
                                                
† Felföldi, N.; Nagy, V.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Alexacou, K.M.; 
Hayes, J.M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in 

preparation. 
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To see the properties of other possible isomers C-glucosyl 
structures -D-Glcp-CONHCONH-aryl and -D-Glcp-
CONHNHCO-aryl (Entries 5 and 10, resp.) were prepared 
(see Section on C-glucosyl derivatives), however, these 
compounds proved inefficient as inhibitors. As a conse-
quence of these findings, the elements of the acyl urea linker 
are not interchangable and the direction of the chain cannot 
be reversed. 

The binding modes of the most efficient urea and ox-
amide derivative 2-Naphthoyl-urea and 2-Nap-oxamide 
(Table 6, Entries 3 and 8, resp.) were compared based on 
crystallographic results at a resolution of 1.90 Å. As in the 
case of Bz-urea, the most prominent changes observed in the 
RMGPb 2-Naphthoyl-urea complex structure were in the 
residues of the 280s loop. The structural comparison of 
RMGPb 2-Naphthoyl-urea with RMGPb Bz-urea complex 
structures revealed that the naphthyl moiety was inclined at 
~10 degrees with respect to the phenyl ring, while the glu-
copyranose and the urea moieties superimposed quite well in 
the two complexes (not shown). 2-Naphthoyl-urea, on bind-
ing to RMGPb, makes 19 hydrogen bonding interactions and 
117 van der Waals contacts (21 nonpolar/nonpolar, 13 po-
lar/polar, 73 nonpolar/polar) with protein residues in the 
vicinity of the catalytic site. The strong affinity of 2-
Naphthoyl-urea (Ki = 0.35 μM) for RMGPb can be attributed 
to its extensive interactions with the protein.  

Changing the linker functionality from -NHCONHCO- to 
-NHCOCONH- resulted in an inhibitor, 2-Nap-oxamide 
(Table 6, Entry 8), with a Ki value of 56 μ , that indicates a 
difference in the free energy binding of 3.05 kcal/mol. A 

structural comparison between 2-Naphthoyl-urea and 2-Nap-
oxamide (Fig. 8) showed that the two ligands display differ-
ent binding modes: by binding at the catalytic site, 2-Nap-
oxamide promotes the closed position of the 280s loop, 
whereas, on the binding of 2-Naphthoyl-urea, there is a dra-
matic shift in the 280s loop that results in increased contacts 
between the inhibitor and the protein. There is no hydrogen 
bonding interaction between the amide N1 and His377 O in 
the 2-Nap-oxamide complex as e.g. in the case of the NAG 
complex [59]. The distance between the amide N1 and main-
chain carbonyl oxygen of His377 is 3.5 Å, rather long for a 
hydrogen bond. Also, the atomic positions of C1, N1, C7, 
and O7 are changed in the RMGPb 2-Nap-oxamide struc-
ture (compared to those of NAG) by 0.7, 0.9, 1.2, and 1.4 Å, 
respectively, to optimise contacts with protein (see structural 
comparison between 2-Nap-oxamide and NAG, Fig. 9). 
There are also small shifts of the residues of the 280s loop 
(0.3-0.5 Å) and the 380s loop (0.3-0.4 Å). The 2-naphthyl 
group makes 13 nonpolar/nonpolar interactions in the 
RMGPb 2-Naphthoyl-urea complex, compared with 6 in the 
RMGPb 2-Nap-oxamide complex, indicating that the 2-
naphthyl group in 2-Naphthoyl-urea is located in a more 
nonpolar environment compared to that of 2-Nap-oxamide. 
The latter, on binding to RMGPb, makes in total 13 hydro-
gen bonding interactions and 105 van der Waals contacts (12 
nonpolar/nonpolar, 22 polar/polar, 71 nonpolar/polar) with 
the protein.  

Contrary to N-acetyl- -D-glucopyranosylamine (Table 7, 
Entry 6), where the introduction of the carboxamido function 
into the -position (Entry 7) weakened the inhibition, methyl 

Table 6. Permutation of the Elements of the Acyl Urea: Kinetic Data Obtained with RMGPb 
 

O

OH
HO

HO

OH

linker R

 
 

Entry linker Ki [μM] R Entry linker Ki [μM] 

1. NHCONHCO 4.6 [68] 

 

6. NHCOCONH 100 * 

2.  15.2 # 

 

7.  144 * 

3.  
0.35 # 

(2-Naphthoyl-urea) 
 

8.  
56 * 

(2-Nap-oxamide) 

4.  68 # 

N  

9.  230 * 

5. CONHCONH no inh. * 

 

10. CONHNHCO 
22 %  

at 3.75 mM * 

*Czifrák, K.; Felföldi, N.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Kiritsi, C.; Siafaka-Kapadai, A.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in preparation. 
#Chrysina, E.D.; Nagy, V.; Felföldi, N.; Telepó, K.; Praly, J.-P.; Docsa, T.; Gergely, P.; Alexacou, K.M.; Hayes, J. M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; 
Somsák, L. in preparation. 
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Fig. (8). Comparison between the RMGPb 2-Nap-oxamide complex (for 2-Nap-oxamide, shown in dark grey, see Entry 8 in Table 6) and the 
RMGPb 2-Naphthoyl-urea complex (for 2-Naphthoyl-urea, shown in light grey, see Entry 3 in Table 6), in the vicinity of the catalytic site.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). Comparison between the RMGPb 2-Nap-oxamide complex (for 2-Nap-oxamide, shown in light grey, see Entry 8 in Table 6) and the 
RMGPb-NAG complex (for NAG, shown in dark grey, see Entry 1 in Table 1), in the vicinity of the catalytic site.  

N-( -D-gluco-hept-2-ulopyranosylonamide)carbamate [71] 
(Entry 9) was shown to be more efficient than its counterpart 
(Entry 8) without the -CONH2 group [72]. Therefore, some 
compounds with similar stuctural features were synthesized 
and tested (Entries 3-5) [73]. Binding was weakened by the 
joint presence of the carboxamido and the azide functions at 
the anomeric centre (Entry 3) in comparison to the anhydro-
aldonamide (Entry 1), but strengthened when compared to 
glucopyranosyl azide (Entry 2). Although this series did not 
afford new good inhibitors, and even a clearcut conclusion is 
hard to be drawn based on the limited number of structures, 
it seems worthwile to synthesize further analogues of this 
kind especially in the light of some predictions by computa-
tional methods [74, 75]. 

A small library of -D-glucopyranosyl derivatives (Table 
8) containing nucleobases and analogs was synthesized by a 
Vorbrüggen-type condensation of per-O-acetylated -D-
glucopyranose and silylated pyrimidine or purine derivatives. 

Tests carried out with the deprotected compounds indicated 
strong binding for some of the derivatives (Entries 1-3) with 
Ki values in the low micromolar range [78]. pKa and quan-
tum chemical calculations, together with docking studies 
revealed that the most favorable binding form of cytosin 
derivative in Entry 3 is the higher energy (in gas and water 
solution phases) imine tautomer, while the compound in 
Entry 4 with a pKa close to the pH of experiment (~ 7.0) is 
significantly ionized with a resulting poor binding affinity 
compared to the other ligands [78]. 

The RMGPb-Thym complex (Table 8, Entry 1) structure 
was recently determined at 1.90 Å resolution [78]. The -
pocket of the catalytic site provides accommodation of the 
pyrimidine moiety of the ligand. There are direct hydrogen 
bonding interactions with Leu136 N, Asn284 N, and also 
water-mediated hydrogen bonding interactions with Gly135 
N, Asp283 OD1, Asp339 OD1 and OD2, His341 NE2, 
Glu88 OE1, Gly134 N and Gly137 N. Structural comparison 
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Table 7. Inhibition of RMGPb by N-Glycosides of D-Gluco-hept-2-ulopyranosonic Acid Derivatives 

 

O

HO
HO

HO

OH

 
 

Entry   Ki [μM] Ref. 

1. CONH2 H 370 [76] 

2. H N3 no inh. [77] 

3. CONH2 N3 1800 [77] 

4. CO2Me N3 5 % at 10 mM [73] 

5. 
CO NH

CH2CO2Me  
N3 no inh. [73] 

6. H NHCOMe 32 [56] 

7. CONH2 NHCOMe 310 [72, 77] 

8. H NHCO2Me 86 [72] 

9. CONH2 NHCO2Me 16 [71, 72] 

 

Table 8. -D-Glucopyranosyl Nucleosides as Inhibitors of RMGPb [78] 
 

Entry Structure Ki [μM] 

1. 
O

HO
HO

HO

OH

N

H
NO O

 
(Thym) 

6.6 

2. O

HO
HO

HO

OH

N

H
NO O

 

6.1 

3. 

O

HO
HO

HO

OH

N

NO NH2

O

HO
HO

HO

OH

N

H
NO NH

imine 

7.7 

4. O

HO
HO

HO

OH

N NH

H
NO O

O  

1260 

5. 
O

HO
HO

HO

OH

N

NN

N

NH2

 

315 

 



2948    Current Medicinal Chemistry,  2008 Vol. 15, No. 28 Somsák et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (10). Stereo diagram showing the interactions of compound Thym (Table 8, Entry 1) and protein in the vicinity of the catalytic site. The 
hydrogen bonding pattern between ligand, protein residues, and water molecules (w) is represented by dotted lines.  

 
Table 9. Glucopyranosylidene-spiro-hydantoins and Related Compounds as Inhibitors of RMGPb with Measured and Predicted 

Inhibitor Constants 
 

Entry Structure Ki [μM] Ref. 

 

O

HO
HO

HO

OH

N

H
N

O

O

R  
R  

  

1. H 

3.1* 

predicted 

5.5 

[81] 

[82] 

2. NH2 146 [72] 

3. OH 39 [72] 

4. CH3 1200 [72] 

5. NHCOCH3 550 [72] 

6.  

O

HO
HO

HO

OH

N
H

H
N

O

S

 

2.3** [83] 

7. 

O

HO
HO

HO

OH

H
N

H2N
H

O

 
Virtual compound 

predicted 

0.7 
[82] 

*Value obtained with respect to Glc-1-P. 
**Value obtained with respect to phosphate. 
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between RMGPb-Thym (Table 8, Entry 1) and RMGPb-
hydantoin (Table 9, Entry 1) complex structures shows that 
the pyrimidine ring is almost co-planar with the hydantoin 
except that the pyrimidine moiety is translated 1.3 to 2.0 Å 
towards the -pocket (not shown). Although, there can be no 
hydrogen bond of pyrimidine nitrogen N1 with His377 O, a 
H-bond-like interaction with the C-6-H might replace this 
bond (distance of 3.4 Å).  

Glucopyranosylidene-spiro-hydantoin derivatives (Table 
9) were reviewed in details [38, 45, 79]. Recently kinetic and 
crystallographic studies [72] as well as free energy 
perturbation analysis [80] have been published explaining 
the weakening of inhibition on introduction of substituents 
into the hydantoin ring (Entries 2-5). 

A number of recent computational studies have addressed 
deriving predictive models for receptor-ligand binding 
properties at the GP catalytic site. Descriptors used to model 
pharmacokinetic properties (e.g. passive permeability) are 
the same as those involved in receptor-ligand binding. 
Integrated use of the VolSurf descriptors [84, 85] based on 
the GRID [86, 87] interaction fields allowed simultaneous 
modelling of both protein-ligand binding affinities and 
ligand pharmacokinetic properties based on the same 
descriptors for a set of 23 GPb inhibitors [88]. A statistically 
significant model (r2 = 0.94, q2 = 0.89) for binding affinities 
was obtained. The authors found that for quality models 
using this method, information from both the ligand and 
receptor and/or corresponding ligand-receptor complex are 
required. Meanwhile, retention of crystallographic cavity 
waters was found not to be critical for the Volsurf derived 
models in this work. The disadvantage of the method is that 
being alignment independent, interpretation of favorable/ 
unfavorable chemical groups from the models is more 
complex than with standard 3D-QSAR.  

3D-QSAR calculations [89] in the form of flexible 
molecular comparative molecular field analysis (FCoMFA) 
using the data for a wide range of 47 structurally dissimilar  
and  substituted D-glucose ligands have been also 
performed. Rather than using fixed and given probe grid 
positions as in CoMFA, FCoMFA aims to find the optimal 
probe distribution patterns around ligands at key active site 
positions. Although the statistical quality (r2 = 0.908; q2 = 
0.851) of their model for the training set of 40 ligands was 
very good, when applied to the test set (7 ligands) r2 was 
reduced to 0.679. 

In quantitative structure based design (SBD) caution was 
suggested in neglecting cavity „lining” receptor conforma-
tional changes and receptor-ligand induced fit effects at the 
catalytic site [82, 90]. Following previous computations on 
inhibitors of GP which used non-flexible (4D-QSAR) [74, 
91] and flexible (free energy force field (FEFF) 3D-QSAR 
[92]) enzyme models, a new method called receptor-
dependent (RD-) 4D-QSAR analysis was developed [90]. In 
an extensive study of the same set of 47  and  substituted 
D-glucose ligands used in ref [89], receptor-independent (RI) 
and receptor-dependent (RD) four-dimensional quantitative 
structure-activity relationship (RI-4D-QSAR and RD-4D-
QSAR, respectively) gave results of similar statistical quality 
when applied to the training set. However, the binding affin-
ity predictability of RD-4D-QSAR was markedly better 

when applied to the test set of inhibitors [90]. In particular, 
the RD-4D-QSAR model could account for important recep-
tor residue conformational effects on ligand binding such as 
„flip-flopping” of Asn284 so that it can act as a hydrogen 
bond donor or acceptor depending on inhibitor structure; 
reorientation of phosphate group of PLP to enhance interac-
tions with certain ligand -substituents; and reorientations of 
backbone carbonyl of His377 [90]. Realignments and rear-
rangements of residues such as the tetrapeptide sequence 
Ala673-Ser674-Gly676-Thr-676, Leu136, and residues of 
the 280s and 380s loop have also been included in the RD-
4D-QSAR models [82]. A virtual compound with a predicted 
Ki of 0.7 μM was proposed (Table 9, Entry 7) for which no 
experimental data exists. However, the calculated Ki = 5.5 
μM value for spiro-hydantoin in Entry 1, Table 9 was close 
to the experimental value of 3.1 μM [82]. 

Molecular dynamics (MD) in the absence of any explicit 
water molecules was performed as part of the 12 step process 
to generate the RD-4D-QSAR models [82, 90]. However, the 
very recent MD study [62] of receptor-ligand binding at the 
GP catalytic site for a glucosyltriazolylacetamide (Entry 18, 
Table 1) has shown that modelling bulk solvation using the 
generalized Börn/surface area (GB/SA) continuum model in 
the absence of any explicit waters can lead to a completely 
different binding mode than that observed in the crystal. 
Retaining the ordered crystallographic cavity waters to 
model local solvation effects in combination with the contin-
uum model for bulk solvation effects was necessary to re-
produce the experimental receptor-ligand binding features. 
The dynamics also revealed that the glucosyltriazoly-
lacetamide had limited flexibility in the -pocket over the 
timescale of the simulation. In contrast to the MD calcula-
tions, retention of the ordered crystallographic water mole-
cules for accurate redocking (using GOLD [93] and GLIDE 
[94] 4.0 docking programs) of the ligand into its native rigid 
protein structure was not necessary.  

The receptor structure/conformation dependence on 
docking results has also been investigated for a set of seven 
N-acyl-N'- -D-glucopyranosyl ureas ligands (Entries 5-9, 
11-12 from Table 4) with a common NHCONHCO core but 
varying shifts in the 280s loop residues depending on R 
substituents#. A crude way of incorporating to some degree 
receptor-ligand induced-fit (flexibility) effects in docking 
calculations is by reduced scaling of van der Waals interac-
tions. However, a more accurate method for probing and 
measuring these effects is multiple protein structure (MPS) 
docking. Using receptors derived from each of the co-
crystallized complexes, MPS native- and cross-docking 
calculations of the ligands to their own and the other receptor 
structures, respectively, was performed using GLIDE [94] 
4.5. The calculations revealed that a single rigid receptor 
approximation derived from any of the co-crystallized com-
plexes was still reasonably valid with respect to reproduction 
of the inhibitors' crystallographic binding conformations and 
for correlation between docking scores and experimental 
binding free energies. However, better results were obtained 
using receptors prepared from the co-crystallized complexes 

                                                
# Chrysina, E.D.; Nagy, V.; Felföldi, N.; Telepó, K.; Praly, J.-P.; Docsa, T.; Gergely, 
P.; Alexacou, K.M.; Hayes, J.M.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, 
N.G.; Somsák, L. in preparation. 



2950    Current Medicinal Chemistry,  2008 Vol. 15, No. 28 Somsák et al. 

with bulkier substituents opening up the cavity in regions 
complementary to binding of the other ligands. The receptor 
prepared from the co-crystallized RMGPb-indoloyl urea 
complex (Entry 7, Table 4) performed best in this regard (for 
example, docking score – experimental binding free energy 
correlation r ~ 0.9), with the receptor from RMGPb-1-
naphthoyl urea (Entry 5) consistently yielding the worst, but 
still reasonable results (r ~ 0.7). Retaining ordered crystallo-
graphic water molecules common to all ligands in the dock-
ing calculations helped to orientate the NHCONHCO moie-
ties in their correct crystallographic positions and therefore 
yielded better results compared to docking without these 
waters. Considering the results of this study and the RD-4D-
QSAR results of Hopfinger et al. [82, 90] therefore suggests 
that the importance of inclusion of receptor-ligand induced 
fit effects in computational models may be dependent on the 

degree and type of receptor conformational changes in-
volved, and also the similarity of ligands such as whether 
they have a common core or scaffold (e.g. acyl ureas). Fur-
ther studies should reveal more conclusive information in 
this regard. 

In another computational study [78], the importance of 
consideration of all relevant ligand ionization/tautomeric 
states of -D-glucopyranosyl nucleosides (Table 8) as poten-
tial binding forms of the ligands has been highlighted (as 
mentioned above) by docking calculations using GLIDE [94] 
4.5.  

C-Glucosyl Derivatives 

The first C-glucopyranosyl heterocyclic derivatives pre-
pared [95] and tested as inhibitors of GP [96] were the com-
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pounds 1,3,4-oxadiazole 8, tetrazole 11, benzothiazole 14, 
and benzimidazole 17. As a common starting material for the 
synthesis of these derivatives, O-acetyl or O-benzoyl pro-
tected anhydro-aldononitrile 12 ( -D-glucopyranosyl cya-
nide) was used. 1,3-Dipolar cycloaddition of 12 with azide 
ion gave 5- -D-glucopyranosyl tetrazole 11, which was 
acylated by acid chlorides to give 5- -D-glucopyranosyl-2-
substituted-1,3,4-oxadiazoles 8 via N-acyl nitrilimine inter-
mediates. Ring closure of 12 by 2-amino-thiophenol yielded 
2- -D-glucopyranosyl benzothiazole 14. Similar reaction 
with 1,2,-diamino-benzene was unsuccesful with 12, but the 
more reactive thioimidate salt 15 gave 2- -D-glucopyranosyl 
benzimidazole 17. Deprotections were effected by the Zem-
plén method to give the test compounds listed in Table 10.  

Glucosyl cyanide 12 proved also useful for the syntheses 
of other series of oxadiazoles. Thus, 1,3-dipolar cycloaddi-
tion with in situ obtained nitrile-oxides furnished 3-
substituted-5- -D-glucopyranosyl-1,2,4-oxadiazoles 9 [97]. 
The reversed substitution pattern could be achieved by trans-
forming 12 using hydroxylamine into the corresponding 
amidoxime 13 which was ring-closed by acid-chlorides to 
give 5-substituted-3- -D-glucopyranosyl-1,2,4-oxadiazoles 
10 [98]. The deprotected test compounds are listed in Table 
10. 

Kinetic investigations with these compounds showed -
D-glucopyranosyl cyanide (Entry 1) to have weak activity, 
while C-( -D-glucopyranosyl)formamidoxime and 5- -D-
glucopyranosyl tetrazole (Entries 9 and 18, resp.), in spite of 
their hydrogen bond donor capacities, proved inactive.  

The general trend for the three series of oxadiazoles 
shows the 3-substituted-5- -D-glucopyranosyl-1,2,4-oxadi-
azoles to be the most active (compare Entries 2-5, 10-14, and 
19-25). For strong inhibition within one series the substituent 
of the heterocycle must be a large and properly oriented 
aromatic ring: 2-naphthyl derivatives are superior as com-
pared to 1-naphthyl compounds (Entries 4, 5, and 24, 25). 
This latter tendency goes in parallel with the observations for 
the N-acyl- -D-glucopyranosylamine and N-substituted-N'-

-D-glucopyranosyl urea series (cf. Table 5). 

Inhibition by compounds having a condensed aromatic 
system attached directly to the anomeric carbon of the sugar 
like benzimidazole and benzothiazole derivatives in Entries 6 
and 15, respectively, again underlines the significance of a 
large aromatic ring system. The higher affinity of the ben-
zimidazole derivative is due to the hydrogen bond between 
imidazole NH and His377 main chain carbonyl which is 
necessarily absent in the benzothiazole. 

Glucosyl cyanide 12 was used for the preparation of con-
stitutional isomers of N-acyl-N'- -D-glucopyranosyl ureas*. 
Thus, 12 was hydrated to anhydro-aldonamide 16 which, by 
heating in neat phenyl isocyanate, gave 18. Nitrosation of 16 
furnished anhydro-aldonic acid 19 to be used to acylate ben-
zoyl hydrazine by way of a dicyclohexyl-carbodiimide medi-
ated coupling to give diacyl hydrazine derivative 20. The 
deprotected test compounds (Table 10, Entries 8 and 17) 
exhibited no inhibitory effect (cf. Table 6, Entries 5 and 10). 

                                                
* Czifrák, K.; Felföldi, N.; Docsa, T.; Gergely, P.; Chrysina, E.D.; Kiritsi, C.; Siafaka-
Kapadai, A.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G.; Somsák, L. in 

preparation. 

For comparison, also shown are inhibitor constants for anhy-
dro-heptonamide, its N-methyl and N-phenyl derivatives 
(Entries 27-29, resp.), as well as anhydro-heptonohydrazide 
and its N-methyl derivative (Entries 30 and 31, resp.). All 
these compounds had moderate affinity towards RMGPb. 

Other derivatives of aromatic systems [99] (Scheme 3) 
were obtained from 2-( -D-glucopyranosyl)-1,4-dimethoxy-
benzene 22 prepared by electrophilic aromatic substitution 
with a glucosylium ion generated from 21. Compound 22 
was oxidized to protected 1,4-benzochinon derivative 24, 
however, deprotection gave only impure material 25. Reduc-
tion of 24 to C-glucosyl hydrochinon derivative 26, depro-
tection to 27, and subsequent oxidation furnished 25 without 
impurities. The deprotected compounds 23, 25, and 27 were 
also tested as inhibitors of GP, but showed either no (Table 
10, Entry 7) or moderate inhibition (Entries 16 and 26).  
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b

 
Scheme 3. a) 1,4-dimethoxybenzene, SnCl4, CF3CO2Ag, CH2Cl2, 
25-30 ºC; b) NaOMe, MeOH, r. t.; c) CAN, CH3NO2, H2O;  
d) NaBH4, EtOAc, r. t.; e) Ag2O, 2-propanol, r. t. or PhI(OAc)2, 
MeOH, r. t. 

Iminosugars 

Several representatives of iminosugar derivatives were 
covered in our last reviews [38, 45]. 

New developments have been reported [54] in the syn-
thesis of 1,4-dideoxy-1,4-imino-D-arabinitol (DAB, Scheme 
4): reductive amination of D-arabinose (28) gave benzy-
lamine 29 which was debenzylated to 30. N-Formylation 
produced 31 which furnished 32 in a fermantative oxidation. 
One-pot hydrolytic removal of the N-formyl group followed 
by intramolecular reductive amination gave DAB isolated as 
the hydrochloride salt in 26 % overall yield. Besides this 
expedient procedure other recent syntheses for DAB were 
elaborated based on chiral epoxyaldehydes [100], D-fructose 
[101], D-serine [102], D-lyxose [103], and procedures were 
published also for the preparation of the L-arabinitol deriva-
tive [104-106]. DAB (Table 11, Entry 1), isofagomine and 
its N-(3-phenylpropyl) derivative (Entries 2 and 3, resp.) 
were tested as inhibitors of several GP enzymes. These com-



2954    Current Medicinal Chemistry,  2008 Vol. 15, No. 28 Somsák et al. 

pounds binding at the catalytic site can be regarded as oxo-
carbenium ion mimics. A “C-glycosyl” derivative of 
fagomine (Entry 4) showed no inhibition towards RMGPb 
[107], while a seven membered iminosugar analog (Entry 5) 
also had no effect on RMGPb [108]. 
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3132DAB  
Scheme 4. a) BnNH2, H2 (5 bar), Ra-Ni, 95 % EtOH, 40 ºC; b) H2 
(5 bar), Pd/C, 95 % EtOH, 70 ºC; c) CH3OCHO, CH3OH, r. t.;  
d) Gluconobacter oxidans, pH 6.3, 28 ºC; e) NaOH, H2O, H2 (5 
bar), Pd/C, r. t. 

In summary, most efficient inhibitors of the catalytic site 
can be found among N-acyl-N'- -D-glucopyranosyl ureas, N- 
and C- -D-glucopyranosyl heterocycles, and some imino-
sugars (especially DAB). While the latter’s efficiency can be 

attributed to its resemblance to a glucosylium ion, the other 
classes of compounds exploit extensive interactions with the 

-channel part of the catalytic site. These features may form 
the basis of further inhibitor design supported by X-ray 
structural elucidation of enzyme inhibitor complexes, as well 
as computational studies. However, due to extremely high 
flexibility of the 280s loop, the structures of the ideal sub-
stituents are difficult to optimize and further extensive syn-
thetic work cannot be avoided. 

Storage Site 

The glycogen storage site, which might serve as a region 
through which the mammalian enzyme is attached to glyco-
gen particles in vivo, is on the surface of the molecule, some 
30 Å from the catalytic site. This site was identified from 
crystallographic binding studies with maltopentaose (G5) 
and maltoheptaose (G7) [109, 110 and references therein]. In 
GPb, G5 can bind to the glycogen storage site by filling 5 
major and 2 minor subsites. The major site, made up of heli-
ces 12 and 13 (residues 396-418 and 420-429, respec-
tively) and the loop connecting the two antiparallel strands, 

15 (residues 430-432) and 16 (residues 437-411), binds 
five glucose units in subsites S3-S4-S5-S6-S7 with the re-
ducing end of the oligosacharide bound in subsite S3. The 
minor site, located above the nonreducing end of the major 
site and made up of helix 12, the loop connecting the anti-
parallel  sheets 8 (residues 198-209) and 9 (residues 212-
223) and Val354 from helix 9 (residues 344-355), binds 
glucosyl residues at subsites S8 and S9.  

In contrast to the other binding sites of GP, the storage 
site has received less attention as a possible target in modify-
ing activity of GP. In an attempt to fill this gap -, -, and -

Table 11. Iminosugar Derivatives as Inhibitors of GP (IC50 [μM]) 
 

Entry Structure RMGPb RMGPa RLGPa PLGPa Ref. 

1. NH

HO
HO

OH

 

0.39 0.33 0.37 0.49 [54] 

2. 
NHHO

HO

OH

 

1.21 0.76 0.68 0.67 [54] 

3. NHO
HO

OH

 

0.84 - 1.22 0.85 [54] 

4. 
NH

HO
HO

OH

OPO3H  

no inh. - - - [107] 

5.  

H
N

OH

OHHO

H3C

 

no inh.* - - - [108] 

*By either isomer up to 1 mM. 
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cyclodextrins (CD, cyclooligosaccharides of glycosidically 
-1,4-linked 6, 7, or 8 D-glucopyranosyl units, respectively) 

were studied kinetically and by protein crystallography. 
Inhibition of RMGPb was observed in the millimolar range 
( -CD Ki = 47.1 mM, -CD Ki = 14.1 mM, -CD Ki = 7.4 
mM) [110]. 

Inhibitor Site 

The inhibitor or caffeine binding site is situated on the 
surface of the enzyme, at the entrance to the catalytic site 
(some 12 Å from it); it is a hydrophobic binding pocket and 
comprises residues from both domains 1 and 2. In the T 
state, Phe285 from the 280s loop is stacked close to Tyr613, 
from 19 helix (residues 613-631), and these two aromatic 
residues form the inhibitor site. Occupation of this site stabi-
lizes the T-state conformation of the enzyme and blocks 
access to the catalytic site, thereby inhibiting the enzyme. 
Inhibition at this site is generally synergistic with glucose, 
suggesting that inhibition could be regulated by blood glu-
cose levels and would decrease as normoglycaemia is 
achieved without producing hypoglycaemia. This site has 
been probed with purines, nucleosides, nucleotides [38] and, 

more recently, flavopiridol [111]. The affinity of these 
ligands for the inhibitor site is mainly due to the -  stacking 
interactions of their aromatic rings between the side chains 
of Phe285 and Tyr613; they are more potent in the presence 
of high glucose concentrations. 

Indirubin-5-sulfonate [112] has a low micromolar 
inhibitor constant and binds at the inhibitor site of the 
enzyme.  

Indirubin-3'-aminooxy-acetate [113] (E243) inhibits GP 
in the low micromolar range and occupies the inhibitor site, 
but binds also to the allosteric site (Fig. 11). 

H
N

N

NH

O

O

CH2CO2

E243 - Indirubin-3'-aminooxy-acetate
Ki = 21 M (RMGPb)

 
Flavopiridol (Table 12, Entry 1) was shown to exert sig-

nificant inhibition against RMGPb [111, 114]. Analogues of 
this inhibitor with a flattened tetrahydro-pyridine ring were 
synthesized (Scheme 5) starting either with 33 or 34 to give 
35 in a selective demethylation and/or acetylation followed 
by a Lewis-acid catalyzed Fries-rearrangement. Benzoyla-
tion by the corresponding acid chloride gave compounds 36 
which, on basic treatment and subsequent dehydration, 
yielded 37 which were demethylated to give test compounds 
38 (Table 12, Entries 2-10) [115]. Compounds in Entries 2-8 
were found to inhibit RMGPb with similar potencies, while 
replacement of the phenyl group by aliphatic moieties gave 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (11). Binding of two E243 molecules, E243-1 and E243-2, at the allosteric activator AMP binding site and a new sub-site in the vicinity 
of the allosteric site, respectively, with their indole-aminooxy-acetate rings inclined approximately 40º. E243-1 binds between residues of the 

2 helix, Arg310 and residues of the cap' region, and it is partially occupying the AMP binding site. E243-2 binds at a new subsite, formed 
by residues Phe196, Arg309, Arg242, and Val45' by stacking against the side chains of Phe196 on one side and Arg309 on the other.  

H
N

O

NH

O

HO3S

Indirubin-5-sulfonate
Ki = 13.8 M (RMGPb)
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compounds of much less efficiency (Entries 9 and 10). To 
elucidate the mechanism of inhibition of these inhibitors, we 
have recently analysed the crystal structures of this series in 
complex with RMGPb*. The structures were determined and 
refined to 2.30-1.90 Å resolution; the binding studies dem-

                                                
*Ganotidis, M.; Tiraidis, C.; Kosmopoulou, M.N.; Elemes, Y.; Sakarellos, C.; Agius, 
L.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G. unpublished results. 

onstrated that, with the exception of the tert-butyl derivative 
(Entry 10), all inhibitors bound at the inhibitor site, where 
they occupy a position similar to that of flavopiridol (Fig. 
12).  

Compounds binding to the inhibitor or caffeine site were 
screened by surface plasmon resonance (SPR) [116]. The 
affinities of a series of compounds (KD values of 17-550 μM) 

Table 12. Flavopiridol and Analogues as Inhibitors of RMGPb* [115] 
 

Entry Structure Ki [μM] 

1. 

O

OOH

HO

N

CH3

Cl

OH

 
Flavopiridol 

 1.16 

 R  

2. H 1.28 

3. 2-Cl 0.99 

4. 3-Cl 0.83 

5. 4-Cl 1.89 

6. 2-F 2.75 

7. 2-Br 1.50 

8. 

O

OOH

HO

N

CH3

R

 
3,5-diCl 2.50 

9. CH3 241 

10. 

O

OH

HO

O

R

N

CH3  

C(CH3)3 no inh. 

*Ganotidis, M.; Tiraidis, C.; Kosmopoulou, M.N.; Elemes, Y.; Sakarellos, C.; Agius, L.; Leonidas, D.D.; Zographos, S.E.; Oikonomakos, N.G. unpublished results. 

 

O

OOR'

R'O R

N

CH3

OMe

MeO

N

CH3

OR

OMe

MeO

N

CH3

OH

CH3

O OMe

MeO

N

CH3

O

CH3

O

R

O

33 R = Me
34 R = H

35 36

a c

d

b

37 R' = Me
38 R' = H

 

Scheme 5. a) BF3·OEt2, Ac2O, dry CH2Cl2; b) RCOCl, 10% DMAP, dry pyridine; c) (i) NaH, dry THF, (ii) H2SO4, AcOH; d) pyridine hy-
drochloride. 
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were determined and the crystal structures of uric acid, caf-
feine and riboflavin in complex with HLGPa were solved. 
Hypoxanthine, uric acid, allopurinol, 3-methylxanthine, folic 
acid, xanthine, 7-methylxanthine, 1-methylxanthine, xan-
thine and theophylline bind at the purine nucleoside site, but 
with weaker affinity than caffeine (KD=108 μM), whereas 
xanthopterine (KD=85 μM), FAD (KD=80 μM), FMN 
(KD=70 μM), lumiflavine (KD=20 μM), and riboflavin 
(KD=17 μM) bind with higher affinity. The main features of 
binding of uric acid, caffeine, and riboflavin to HLGPa are 
the stacking interactions between the the planar ligands and 
the aromatic rings of Phe285 and Tyr613. In addition, each 
compound forms a specific set of water-mediated hydrogen 
bonding interactions to residues in the vicinity of the inhibi-
tor site. 

The structure of the inhibitior site requires planar mole-
cules to bind. While no real breakthrough could be achieved 
by the recently investigated compounds several of those with 
unknown binding site (see corresponding section) may oc-
cupy this site and form the basis of further inhibitor design. 

Allosteric (or AMP-Binding) Site 

The allosteric site is situated where the C termini of the 
helices 2 (residues 47-78) and 8 (residues 289-314) come 
together forming a V; it is lined by the -sheet strands 4 
(residues 153-160), 10 (residues 222-232) and 11 (resi-
dues 237-247) , the short 7 strand (residues 191-193), and 
the following loop (residues 195-197), and is closed by the 
cap' region (residues 36' to 47') (superscript prime refers to 
residues from the symmetry-related subunit). The allosteric 
site, which binds the classical allosteric activator AMP, and 
allosteric inhibitor Glc-6-P, has been shown to bind the 
Bayer compound W1807, and several dihydropyridine diacid 
analogues [117-119]. Ligands occupying this site are able to 
inhibit GP by either direct inhibition of AMP binding and/or 
indirect inhibition of substrate binding through stabilization 
of the T- or T'-state conformation. 

The acyl urea derivative Entry 1 (Table 13) was identi- 
fied by focused screening of 60 compounds exhibiting phar- 
macophoric similarities to known GP inhibitors. An array of  
44 acyl ureas were prepared by reaction of acyl isocyanates  
39 with R4-amines (Scheme 6), a route amenable to parallel  
synthesis, or reacting carboxamides 40 with R4-isocyanates  
to give acyl ureas 41 [120]. Modifications were guided by an  
X-ray crystallographic structure determination of the lead  
complexed with RMGPb. Most important features of SAR  
were: R1 = Cl more active than F; for R2 F > Cl > H; in posi- 
tion 2 of the R4 ring a substituent (Cl, OMe, OCF3) larger 
than H was advantageous; in position 4 an acidic moiety 
(COOH, tetrazole) was better than SO2NH2 or COOMe. 
Phenolic OH in position 5 of R4 was more efficient than the 
similar 4-carboxylic acid (Entries 2 and 3). The structure of 
compound in Entry 3 in complex with HLGPa was deter-
mined at 1.9 Å resolution. There are hydrogen-bonding in-
teractions of the central acyl urea moiety with the carbonyl 
group of Val40', the backbone amide group of Asp42’, and 
an ordered water molecule in the upper part of the AMP 
pocket. The 2-chloro-4-fluoro-substituted benzoyl ring 
tightly packs against Trp67, Arg193, Val40', and Lys41'. In 
addition to these interactions the phenolic ring makes hydro-
phobic van der Waals interactions with Gln72, additional van 
der Waals interactions are mediated by the methoxy sub-
stituent positioned near Tyr75, and the phenolic ring also 
induces additional hydrogen bonds between the side chains 
of Asp42' and Asn44' and the phenolic hydroxyl group (Fig. 
13). These interactions may provide an explanation for its 
high potency. Elongating the acyl urea with an sp3 carbon 
(Entry 5) or replacing a carbonyl by a sulfonyl moiety (Entry 
6) resulted in loss of enzymatic activity. The best phenolic 
compound was less active in the cell assay, therefore, based 
on a 3D pharmacophore model, further optimization was 
carried out revealing the methyl urea derivative in Entry 4 to 
have the best cellular activity. This compound was tested in 
Wistar rats, and significantly reduced glucagon-induced 
hyperlycemic peak. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. (12). Binding of flavopiridol analogue (Table 12, Entry 3), at the inhibitor site. The hydrogen bonding pattern between ligand, protein 
residues, and water molecules (w) is represented by dotted lines. The location of the catalytic site where the glucose molecule (Glc) binds at 
the catalytic site of the enzyme is also shown. 
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R3
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Scheme 6. 

 
Table 13. Acyl Ureas as Inhibitors of GP and their Effect in Cell Based Assay [120, 121] (IC50 [ M]) 
 

N
H

N
H

R4

O OR1

R2

R3
 

 

Entry R1 R2 R3 R4 HLGPa Hepatocyte 

1. Cl H H 

Cl

Cl

O
OH

O

 

2 80 

2. Cl F H 

COOHMeO

 

0.21 2 

3. Cl F H 

MeO

OH  

0.023 6.2 

4. Cl F F 

MeO

N
H

N
H

O

Me

 

0.053 0.38 

5. N
H

N
H

O OCl

F COOH  

10 nd 

6. 
S

N
H

N
H

O

Cl

O O
F3CO

N
N

NHN

 

10 nd 
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Fig. (13). Binding of acyl urea derivative (Entry 3 in Table 13), derived from chemical optimisation exploiting X-ray structural data of a 
screening hit [120] that binds at the allosteric site of HLGPa. The compound binds with benzoyl ring buried deep in the allosteric site, while 
the phenolic ring points toward the entrance of the site. Based on PDB code 2ATI. 

To describe the inhibitory activity of the above series of 
acyl ureas, linear and non-linear QSAR models were derived 
by using multiple linear regression (MLR) and least squares 
support vector machines (LS-SVM) statistical methods, 
respectively [122]. The six independent descriptors selected 
to correlate with the inhibitor binding affinities mainly de-
scribed hydrogen bond, electrostatic, steric and hydrophobic 
interactions. Although both methods, MLR and LS-SVM, 
gave activity results in good agreement with experiment 
(correlation coefficients r ~ 0.9) and therefore both provide 
useful input for the design of further acyl urea inhibitors, the 
LS-SVM method yielded better overall performance statis-
tics than MLR. 

Two series of phthalic acids (incorporating a substituted 
benzene or naphthalene ring) were prepared (Scheme 7) 
either by etherifying the 4-position by coupling 42 with a 
hydroxyphthalate derivative to give 43 which was reduced to 
45, or starting with aminophenol 44 to furnish 45 directly. N-
Acylation of 45 gave test compounds 46 listed in Table 14. 
A solid phase method was also applied to get compounds 46 
starting with resin bound hydroxyphthalic acid 47 obtained 
by carbodiimide mediated coupling of 4-hydroxyphthalic 
acid to the hydroxymethyl functionalized commercial Wang 
resin. Further transformations were carried out by similar 
chemistry used in the conventional synthesis.  

Effects of substituents in ring A showed a strong prefer-
ence for the 3-NO2 group (Table 14, Entry 1) since other 
derivatives (3-Cl, -OMe, -Ac, -COOH, 4-Cl, -Me, 3,4-di-Cl, 
or unsubstituted A ring) were at least 30-fold weaker inhibi-
tors than the 3-nitro compound. Methyl substitution in ring B 
gave more efficient derivatives (Entries 2 and 3), the 5'-Me 
compound being ~15-fold better than the unsubstituted one. 
Carboxamido substitution in position 4' (Entries 4-7) resulted 
in similar efficiency but the presence of both the amide and 
methyl groups proved not advantageous (Entry 8).  

Molecular modeling computations [124] were used in the 
development of a similar series of inhibitors using Entry 8 of 
Table 15 as a lead. Competitive binding studies were not 
available to help identify the binding site of inhibitors of this 
type, therefore 3D-similarity/superimposition using SQ [125] 
of conformers of the lead were compared to the crystal struc-

tures of Bayer diacid W1807 bound at the AMP allosteric 
site (PDB entry 3AMV [118]), caffeine at the inhibitor site 
(PDB entry 1GFZ [111] and Pfizer compound CP320626 at 
the dimer interface site (PDB entry lC50 [126]). The AMP 
allosteric site was identified as the most likely binding site. 
This prediction was confirmed by the solved X-ray structure 
of RMGPb complexed with the lead compound [127]. ICM 
docking [128] of the lead to the AMP allosteric site of the 

NH2

OH

NH2

O COOMe

COOMe

NO2

O COOMe

COOMe

NO2

F

HNCOR

O COOH

COOH

X

X

X

X

X

c

a

b

d, e

X = substituent or
       condensed ring

42 43

4544

46

HO

COOH

O

O

Wang 47

 
Scheme 7. a) dimethyl-4-hydroxyphthalate, K2CO3, DMF, 100 ºC; 
b) H2, Pd/C, CH2Cl2; c) dimethyl-4-nitrophthalate, K2CO3, DMF, 
100 ºC; d) RCOCl, DIEA, CH2Cl2 or RCOOH, EDC, DIEA, 
CH2Cl2 or RCOCl, TEA, acetone; e) PhTMS, I2, 110 ºC or NaOH, 
MeOH/H2O or 2N NaOH, dioxane, r. t. 
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receptor derived from the crystal structure of T-state GPa 
with W1807 correctly predicted the crystallographic ligand 
binding conformation. Grid based hydrophobic/hydrophilic 

surfaces calculated using the docking model revealed an 
unfilled hydrophobic region near the central phenyl ring B. 
This information was exploited to design and synthesize a 
series of napthyl analogues with stronger affinity to the en-
zyme (Table 15, Entries 1-4). 

In these investigations the isoform selectivity was also 
addressed [127]. Among the naphthalene derivatives (Table 
15, Entries 1-4) the 4-nitro-2-pyridyl derivative (Entry 4) 
was the most efficient. Although the liver/muscle enzyme 
selectivity was not as good as for the 4-Cl compound (3 vs. 
5), the 4-NO2 performed better in the cellular assay. Com-
pounds with other substituents in the pyridine ring (e. g. 4-Cl 
in Entry 3, or 4-Me, -Et, -OMe, -CF3) were weaker in vitro 
and ~10-fold less efficient in the cellular test. Both the 4-
chloro- and the 4-nitro-2-pyridyl derivatives exhibited higher 
liver enzyme selectivity (10 and 8, Entries 5 and 8, resp.) in 
the benzene compound series. Introduction of a 3'-F was 
necessary to get effective compounds in the cell (Entries 6 
and 9) while the 4'-F derivatives (Entries 7 and 10) were 
much less active in every respects. In vivo efficacy of the 
compound in Entry 6 was tested in the glucagon challenge 
PD model to show significant lowering of blood glucose 
levels before (~50 %) and after (lower than vehicle) gluca-
gon treatment. 

In order to establish SAR for the dihydropyridine-diacid 
U6751 (Table 16, Entry 1) a series of compounds with 
various substituents on the pyridine ring as well as the 2-

Table 15. Inhibition of GP by Phthalic Acid Derivatives II [127] (IC50 [μM]) 
 

NHR

O

O COOH

COOH

 

3'

4'

NH

O COOH

COOH

R

O

X

 

Entry HLGP HMGP Graph R Entry X HLGP HMGP Graph 

1. 2.88 12.3 >20 

 

     

2. 0.023 0.14 7.5 

O2N

 

     

3. 0.002 0.012 1.5 
N

Cl

 

5. H 0.017 0.181 8 

     6. 3'-F 0.01 0.06 0.3 

     7. 4'-F 0.078 0.647 11 

4. 0.001 0.003 0.3 
N

O2N

 

8. H 0.003 0.025 1 

     9. 3’-F 0.001 0.009 0.3 

     10. 4'-F 0.013 0.109 1.8 

Table 14. Inhibition of GP by Phthalic Acid Derivatives I 

[123] (IC50 [μM]) 

 

NH

O COOH

COOH

O

R1

R2

O2N

A

B
4'

5'

 
 

Entry R1 R2 PLGPa 

1. H H 1.3 

2. CH3 H 0.45 

3. H CH3 0.09 

4. CH3-CONH H 0.14 

5. C6H5-CONH H 0.12 

6. 4-I-C6H4-CONH H 0.09 

7. 3-NO2-C6H4-CONH H 0.074 

8. 3-NO2-C6H4-CONH CH3 0.7 
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chlorophenyl moiety (R3 = Cl) was synthesized (Scheme 8) 
[129]. -Amino-acrylic ester 50 and benzylidene acetoacetic 
ester 51 obtained from propiolic ester 48 and benzaldehyde 
49, respectively, were condensed to give dihydropyridines 
52. The C-5 ester in 52 was transformed into amides and 
both types of compounds were hydrolyzed to acids 53.  

Removal of Cl from position 2' of U6751 (Table 16, En-
try 1) resulted in a compound showing ~10-fold weaker 
inhibition. This revealed that a nearly perpendicular ar-
rangement of the phenyl and pyridine rings was essential for 
the binding. Another compound lacking the carboxyl group 
in position 2 was ~200-fold weaker, thus the diacid function-
ality cannot be omitted. Replacement of the highlighted 
isopropoxyl group to give various amides furnished very 
poor inhibitors. An N-desalkyl derivative (R2 = H) was again 
less effective by a factor of ~20 as compared to the lead, 
however, N-benzylation (Entry 2) increased the efficiency. 
From the different substitutions in the benzyl group selected 
examples show the most active compounds in Entries 3-6. In 
hepatocytes the dimethoxy derivative (Entry 6) proved most 
efficient, and the compound was shown to very efficiently 
lower blood glucose levels in db/db mice. 

Corosolic acid (CA) and maslinic acid (MA) were identi-
fied as micromolar inhibitors of RMGPa [130]. The former 

is the primary active component of a plant extract marketed 
in Japan and USA for reducing blood sugar levels, while the 
latter is abundant in olive fruit. Because of limited availabil-
ity of these compounds by plant extraction, their synthesis 
was elaborated starting with ursolic acid (UA) and oleanolic 
acid (OA), respectively, as shown in Scheme 9. Thus UA or 
OA were transformed to the corresponding C-28 benzyles-
ters 54 followed by oxidation to give ketones 56. These were 
either reacted to enol-acetate 63 or stereoselectively hy-
droxylated (only from OA) to 62. Hydroboration–oxidation 
of 63 and subsequent debenzylation afforded 68 (CA or 
MA). Stereoselective reduction of 62 followed by debenzy-
lation gave MA and 3-epi-CA. Basic treatment of 62 gave 
the unsaturated ketone 65 of the MA series. Hydroxy enone 
65 in the CA series was reduced to give 2-epi-CA. Both CA 
[131] and MA [132] was further functionalized at the C-28 
carboxylic acid moiety by forming several esters 69 also 
containing other appendages (see Scheme 9, R7). The 2- and 
3-OH groups in CA were acylated mostly by the correspond-
ing anhydrides into mono- and diesters of C-2 C-4 and C-7 
alkanoic acids, benzoic acid, succinic acid, and were also 
tosylated and mesylated, and closed to an epoxide [131]. OA 
(being in active clinical use as an anti-hepatitis drug in 
China) itself had in vivo hypoglycemic effect and proved to 
be a good inhibitor, therefore, several modifications were 
carried out to study SAR [133]. The 3-OH was esterified to 
give 55 (for R5 see Scheme 9), oxidized, and oximated to 57. 
Ketone 56 was nitrosated to oxime 61 (R6 = H) which was 
also etherified (for R6 see Scheme 9). Reduction of 61 gave 
alcohol 64 while further oximation furnished 67 which was 
cyclized to oxadiazole 66. Isoxazole 59 was obtained from 
56 by formylation to give 58 which was cyclized by hy-
droxylamine. Similar transfromations of UA were also car-

R1 CO2Me

R2NH

R1

CO2Me

CHO

R3

OR4O2C

R3

R3

N

R2

R5

O

R1

CO2Me

a

d

e

c

b

R5 = R4O           R6NH

R3

N

R2

R5

O

R1

CO2H

48 49

50 51

52
53

 
R1 = H, COOMe, COOH  
R2 = H, Et, CF3CH2, Bn, 2- or 3- or 4-Cl-C6H4-CH2, 2,3- or 2,4- or  

                2,5- or 3,4- or 3,5-diCl-C6H3-CH2, 3-NO2-C6H4-CH2,  
               3,4-diOMe-C6H4-CH2 

R3 = H, Cl 
R4 = iPr, allyl;  
R6 = Et, iPr, iBu, Bn 

Scheme 8. a) R2NH2, MeOH, r.t.; b) cat pTSA, 
CH3C(O)CH2COOR4, benzene, reflux; c) 140 oC, neat; d) NaOH, 
dioxane/H2O (1:1), 50 oC; e) R4 = Allyl (1) Pd(PPh3)4, dimedone, 
(2) R6NH2, EDC, HOBt. 

Table 16. Dihydropyridine-diacid Derivatives [129] (IC50 or 
*EC50 in Hepatocytes [ M]) 

 

Cl

N

R2

O

O

CO2H

CO2H

2

2'

rac-U6751
(Entry 1)

 
 

Entry R2 HLGPa HMGPa Cell* 

1. -CH2CH3 0.039 0.138 2.23 

 

R

R'  

   

 R R'    

2. H H 0.011 0.026 1.13 

3. H Cl 0.002 0.006 0.48 

4. Cl Cl 0.013 0.041 1.06 

5. NO2 H 0.005 0.01 0.44 

6. OMe OMe 0.004 0.011 0.27 
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f
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H
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c
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HON
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HO
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H

H

CO2R3

R1
R2

R3 = H      Bn 54

                 R4 55

R3 = Bn      H 68

k

q
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e
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r

from 56

R6 = H

R1 = Me, R2 = R3 = H  CA

R1 = R3 = H, R2 = Me  MA

2

3
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from 56

from 56

HO

HO

HO

HO

n

p
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2
3

 
R4 = Et, allyl, (CH2)1 or 3COOEt, (CH2)1 or 3COOH, CH2CH2Br, CH2CH2OH, CH2CH2NHMe, CH2CH2NEt2 

R5 = Ac, HOOCCH2CH2C(=O)–, nPrC(=O)–, 4-Cl–C6H4–CH=CH–C(=O)–, 4-MeO–C6H4–CH=CH–C(=O)–  

R6 = H, Bn, 2,4-diCl–C6H3–CH2–  

R7 = CA: C1-4 alkyl, allyl, pyrazol-1-ylmethyl, CH2COOEt, CH2COOH, 2,3,4,6-tetra-O-acetyl- -D-glucopyranosyl, -D-glucopyranosyl 

        MA: Me, pyrazol-1-ylmethyl, CH2COOEt, CH2COOH, (CH2)2 or 4Br, (CH2)2 or 4OH, (CH2)2 or 4NEt2, pyperidin-1-yl-(C2 or 4)alkyl, morpholin-1-yl- 
                (C2 or 4)alkyl 

UA = ursolic acid, OA = oleanolic acid, CA = corosolic acid, MA = maslinic acid 

Scheme 9. a) PCC, CH2Cl2, r. t.; b) HCOOEt, CH3ONa, CH2Cl2, r. t.; c) HONH3Cl, EtOH-H2O, reflux or H2NNH2·H2O, EtOH, reflux;  
d) BnCl, K2CO3, DMF, 50 ºC; e) R4-Hlg, K2CO3, DMF, r. t. to 50 ºC; f) HONH3Cl, Py, 80 ºC; g) standard acylation conditions; h) NaNO2, 
H2SO4, CH3OH, THF, H2O, r. t.; i) mCPBA, cc. H2SO4 (cat.), MeOH, CH2Cl2, 0 ºC; j) AcOCH=CH2, cc. H2SO4 (cat.) 100 ºC; k) NaBH4, 
THF, 0 ºC; l) KOH, MeOH, DMF; m) 1. BH3, THF, 2. H2O2, NaOH; n) Al(OiPr)3, iPrOH, reflux; o) NaOH, 1,2-ethanediol, 200 ºC;  
p) NaBH4, MeOH/THF, r. t.; q) H2, Pd/C, THF, r. t.; r) R7-Hlg, K2CO3, DMF, r. t. or 50-60 ºC. 

ried out [134]. In each of these derivatives the temporary 
benzyl protection was removed by hydrogenolysis.  

In Table 17 inhibition data for modified derivatives of 
UA and OA and their frequently prepared intermediate 
benzylesters are collected. It can be established as a general 
trend that the benzylesters are weaker inhibitors than the 
acids. Esterification of the 3- -OH (Entries 2,3 and 11-13) 

had different effects, a large hydrophobic group (Entry 13) 
providing improved inhibition. Oxidation of this hydroxyl 
weakens the binding (Entries 4 and 14) and several 
functional groups attached by a double bond to positions 2 
and 3 (Entries 5, 6, and 15-19) had no significant effect or 
even caused loss of the inhibitory effect. Interestingly, in the 
benzylester series a large hydrophobic substituent and a 
hydroxymethylene group gave the best results (Entries 17 
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and 19, resp.). Annelation of a heterocycle at the 2,3-
positions of UA gave weaker inhibitors, while with OA this 
effect was not present (Entries 8, 9, and 22, 23, resp.).  

Esterification of the C-28 carboxyl (Table 18) resulted in 
varied influences on binding. In the UA series introduction 
of an ethoxycarbonylmethyl moiety gave a stronger inhibitor 
(Entry 4), while the same type of substitution produced an 
inactive compound in the OA series (Entry 15). Analogous 
esterification of MA strengthened the inhibition (Entry 20) 

contrary to CA (Entry 8), and a four-fold increase could be 
achieved by introducing an -bromobutyl group in the MA 
series (Entries 18 and 23, resp.).  

Modifications in ring A of corosolic acid (CA) (Table 19) 
concerning the stereochemistry of the 2,3-dihydroxyl moiety 
weakened the binding in both the free acid and the benzyles-
ter series (compare Entries 1-3 and 5-7, respectively). Oxida-
tion of both hydroxyls to a diketone made the best inhibitor 
among the benzylated derivatives (Entry 8). Esterification in 

Table 17. C-28 Carboxylic Acids (and their Benzyl Esters) of Ursolic Acid (UA) [134] and Oleanolic acid (OA) [133] as Inhibitors 

of RMGPa (IC50 [μM]) 

 

H

CO2H(Bn)

H or Me
Me or H

A

B

Subst

 
 

 R Entry 
H

CO2H(Bn)

B

 

Entry 
H

CO2H(Bn)

B

 

H 1. 
UA 

9  
10. 

OA 

14 (461) 

CH3CO 2. 131 11. no inh. 

HOOCCH2CH2CO 3. 27.6  12. 8 RO

A

 

4-Cl-C6H4-CH=CH-CO   13. 3.3 

 Y Z     

H, H O 4. 56.5 (no inh.) 14. 17.9 

H, H NOH   15. 225 

NOH O 5. (82.9) 16. 26.1 (46.8) 

2,4-diCl-C6H3-
CH2O-N 

O   17. nd (8) 

NOH NOH 6. (314) 18. nd (22.3) 

CHOH O 7. (no inh.) 19. nd (6.3) 

OH, H O   20. (29) 

Z

A

Y

 

NOH OH, H   21. 28.2 (179) 

A

N

O

N
 

8. 66.3 (no inh.) 22. 11.2 (1002) 

AN

X
 

9. 
40.4 (72.9) 

(X = NH) 
23. 

12.7 (19.6) 

(X = O) 
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general was also not beneficial for the inhibition (Entries 9-
15), however, a mono-heptanoyl or -benzoyl derivative in 
the 2-position exhibited low micromolar binding (Entries 16 
and 17, respectively). 

Based on docking studies it was suggested [132] that 
these triterpene derivatives might occupy the inhibitor site, 
however, protein crystallography of the RMGPb–complex 
revealed binding at the AMP-site [135]. The crystal struc-
tures of the RMGPb-maslinic acid and RMGPb-asiatic acid 
complexes demonstrated that both maslinic acid (MA in 
Scheme 9) and asiatic acid (Fig. 14) bind at the allosteric 
activator site, where they partially overlap with the position 
of AMP. The contacts from maslinic acid to RMGPb include 
ionic interactions from the carboxylate group to the Arg310 
of the allosteric phosphate-recognition subsite, and also 
nonpolar van der Waals interactions to Tyr75, Phe196, and 
Val45' (from the symmetry related subunit). 

Isolated from the cultured broth of a fungal strain No. 
13835, FR258900 was shown to inhibit HLGPa [136]. The 
compound proved effective in lowering plasma glucose 
levels in animal models of diabetes [137]. The structure of 
the co-crystallised GPb-FR258900 complex [138], deter-
mined to 2.2 Å resolution, revealed that FR258900 binds at 
the allosteric site where the natural allosteric activator AMP, 
and the natural allosteric inhibitor Glc-6-P bind. The inhibi-
tor has no structural similarity to these natural regulators of 
GP. The contacts from FR258900 to the enzyme are domi-
nated by nonpolar van der Waals interactions to Gln71, 
Gln72, Phe196, and Val45  (from the symmetry related 
subunit), and also by ionic interactions from the carboxylate 
groups to the three arginine residues (Arg242, Arg309, and 
Arg310) that form the allosteric phosphate-recognition sub-
site. 

The allosteric site can accommodate diverse structures 
such as acyl ureas, phthalic acid derivatives, dihydropyridine 

Table 18. C-28 Carboxylic Esters of Pentacyclic Triterpenoids as Inhibitors of RMGPa [130-134] (IC50 [μM]) 
 

H

CO2R4

H or Me
Me or H

A

B

Subst

 
 

 R4 Entry 
H

CO2R4

B

 

Entry 
H

CO2R4

B

 

H 1. 9  (UA) 12. 14 (OA) 

Et 2. 911 13. no inh. 

Allyl 3. no inh. 14. no inh. 

CH2CO2Et 4. 4.1 15. no inh. 

CH2CO2H 5. 188 16. 62.6 

HO

A

 

CH2CH2NHCH3   17. 53.2 

H 6. 20 (CA) 18. 28 (MA) 

CH3 7. 34 19. 393 

CH2CO2Et 8. 102 20. 19 

CH2CO2H 9. no inh. 21. 1651 

(CH2)2Br   22. 50 

HO

A

HO

 

(CH2)4Br   23. 7 

 Ac4- -D-Glcp 10. 373   

 -D-Glcp 11. 106   
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Table 19. Effects of Modifications in Ring A of Corosolic Acid (CA) on the Inhibition of RMGPa [131] 
 

H

CO2R3

Me

Me

R1

R2

A2
3

 

 

A

 

Entry R1 R2 R3 IC50 [μM] 

1. -OH -OH H 20 

2. -OH -OH H 212 

3. -OH -OH H 115 

4. -OH =O Bn 32 

5. -OH -OH Bn 41 

6. -OH -OH Bn 323 

7. -OH -OH Bn 108 

8. =O =O Bn 7.3 

9. -OCOCH3 -OCOCH3 H 35 

10. -OCOCH2CH3 -OCOCH2CH3 H 74 

11. -OCO(CH2)2CH3 -OCO(CH2)2CH3 H 79 

12. -OCO(CH2)2COOH -OCO(CH2)2COOH H no inh. 

13. -OCOCH3 -OH H 38 

14. -OCOCH2CH3 -OH H 97 

15. -OCO(CH2)2CH3 -OH H 78 

16. -OCO(CH2)4CH3 -OH H 3.3 

17. -OCOC6H5 -OH H 5.1 

 

 a)            b) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (14). Structure of asiatic acid (AA) (a), and interactions between asiatic acid and GPb at the allosteric site (b), based on PDB code 2QN1. 

H

CO2H

CH2OH

HO

HO
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diacids, triterpenoids, and FR258900 surveyed in this re-
view. It is difficult to make similarity based comparisons of 
these types of compounds, therefore, each class may serve as 
a lead for further inhibitor design. 

CO2H

HO2C

O

O

OH
O

O

HO

FR258900 
IC50 = 2.5 M with HLGPa [136]
Ki = 0.46 M with RMGPb [138]

 

New Allosteric Site 

The new allosteric (or indole) binding site, located inside 
the central cavity of the dimeric enzyme, is formed on asso-
ciation of the two subunits; the central cavity is partially 
closed at one end by residues from the cap' region and 2 
helices (Arg33, His34, Arg60 and Asp61 and their symmetry 
related equivalents) and at the other end by the 7 tower 
helices (residues Asn270, Glu273, Ser276 and their symme-
try-related equivalents). The new allosteric site was discov-
ered from crystallographic studies of the binding of indole-
carboxamide 70 and related synthetic counterparts like 71, 
72 [126] and 73, 73a [139]. The CP320626 (72) binding site 
in the central cavity is some 15 Å from the allosteric effector 

site, 33 Å from the catalytic site and 37 Å from the inhibitor 
site. The 18 amino acid residues (9 from each subunit) impli-
cated in CP320626 binding to RMGPb are highly conserved 
in human muscle, human liver, human brain, rat muscle, rat 
liver and rat brain GPs [140]; with the exception of Ala192 
(which is serine in the human liver isoenzyme), a total of 17 
residues that come in close contact with CP320626 are iden-
tical in rabbit muscle and human liver phosphorylases (Fig. 
15). 

Inhibitors 74 and 75 also recognized by HTS show strong 
relationship to the indole-carboxamides. The similarities 
allow consideration of these derivatives as general N-
aroylglycylamides (N-aroyl phenylalanylamide if aAr2 = 
CH2Ph) shown in 75a. Further derivatives were designed by 
changing Ar1, omitting aAr2, or translocating bond c to b.  

The syntheses for such derivatives are summarized in 
Scheme 10. Carboxylic acids of halogenated thieno[3,2-
b]pyrroles 83 and thieno[2,3-b]pyrroles 84 were obtained 
from the corresponding thiophene carboxylic acids 77 or, 
alternatively for 83, from vinylazide 80. A series of substi-
tuted indole-2-carboxylic acids 89 was obtained from ani-
lines 85. Under standard amide coupling conditions acids 83, 
84, 89, and glycyl(or phenylalanyl)amides 86 gave com-
pounds 87. Amino quinolones 92 were prepared in multistep 
transformations from N-protected phenylalanine 94 or N-
protected phosphonoglycinate 90. Seven-membered amino 
lactames 93 were obtained from a commercial starting com-
pound (93 R7 = H) by manipulations similar to those for 91 

N
H

Cl

CONH

Ph
O

NMe2HO  

70 CP-91149 [141]  
IC50 0.13 μM HLGPa 

N
H

Cl

CONH

O

NMe2

 

71 IC50 0.082 μM HLGPa [142] 

N
H

Cl

CONH

O

N OH

F

 

72 CP320626 [142]  
IC50 0.2 μM HLGPa, 0.083 μM HMGPa 

N
H

Cl

CONH

O

N COOH

 

73 CP403700 [139]  
IC50 0.045 μM HLGPa 

N
H

Cl

CONH

O

*
2  

73a CP-526423 [139] 
IC50 0.006 μM HLGPa 

N
H

CONH

N
HO  

74 IC50 1.06 μM HLGPa, 2.44 μM HMGPa [143] 

CONH

Cl

Cl

NH

O  

75 IC50 1.37 μM HLGPa, 2.31 μM HMGPa [143] 

CONH

N

O

Ar1

Ar2

or

a

b

c

 

75a 
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and 92. Standard amide couplings of 92 and 93 with acids 
83, 83, and 89 gave compounds 88. 

SAR for the Ar1 = indole compounds was investigated 
with dihydroquinolones (selected examples shown in Table 
20, Entries 10-15) and showed the superiority of 5-
substituted-indole derivatives among them 5-chlorides and 5-
bromides being the best. All other substituents (Scheme 10, 
R3 in 89) tested gave worse in vitro results.  

Further changes in the Ar1 group are compiled in Table 
21. Thienopyrroles of both annelation type (Entries 2 and 6) 
are poor inhibitors, however, mono- or dichlorination (En-
tries 3 and 9, resp.) makes better inhibitors than the 5-
chloroindol derivative (Entry 1). Bromination had varying 
effects (Entries 5 and 10). 

Translocation of a bond of the amide nitrogen to the Ar2 
moiety (turning from bond c to b in 75a) may result in a 
rigidification of that part of the molecule. This was investi-
gated by applying each efficient Ar1 residues (Table 20). 
Among the 5-chloroindole derivatives the six-membered 
lactames were more efficient than the seven-membered ones 
(compare Entries 7 and 9), and R configuration was better 
than S (compare Entries 7 and 8). Methyl substitution of the 
quinolone nitrogen had no significant effect either with 5-
chlorine or 5-bromine (Entries 12, 13), however, hydroxyal-
kyl groups were beneficial for the cell efficiency (Entries 16, 
17). This was further enhanced in the thienopyrrole series 
(compare Entries 1, 2 and 5, 6). Thienopyrrole compound 
shown in Entry 18 had the best pharmacokinetic profile and 
in a glucagon challenge model test in Zucker rats lowered 
blood glucose increase by 46 %.  

Indane derivatives (Entries 3, 4) were similarly active 
with the dichloro thieno[3,2-b]pyrrole system but were much 
less efficient in combination with the chloro thieno[2,3-
b]pyrrole ring system. 

Turning to glycinamides from the phenylalanine deriva-
tives offered the advantage of achirality as well as dimin-

ished hydrophobicity. By maintaining the 5-chloroindole 
group variations in N-substituents of the terminal amide were 
investigated (Table 22). Keeping an N-methyl group constant 
(Entries 1-4) the cyclopentyl derivative proved the best. In 
the next series with the cyclopentyl as a constant substituent 
(Entries 5-8), 2-hydroxypropyl derivative (Entry 5) gave the 
best in vitro result but the 2-hydroxyethyl compound (Entry 
8) performed better in the cellular assay. Therefore, this was 
chosen to be kept constant for further analog design and it 
was shown that a broad variety of saturated and aromatic 
carbo- and heterocycles and alkyl groups showed good en-
zymatic activity (Entries 9-12). In the cell-based assay the 
phenyl derivative in Entry 12 proved the most efficient. 

GPa docking calculations were performed [148] for a set 
of 25 indole-2-carboxamide inhibitors [142] employing the 
Lamarckian Genetic Algorithm (LGA) of the AutoDock 3.0 
program [149, 150]. The receptor from the crystal structure 
of HLGPa–CP403700 (PDB entry 1EXV [139]) was used. 
Predictive 3D-QSAR models using both CoMFA and CoM-
SIA methods were derived directly from the alignment con-
formations of the docked ligands in the receptor cavity. 
Good correlation (r2 = 0.710) between the ligand docking 
scores and their experimental activities (-logIC50) was ob-
tained, giving added credibility to the docked ligand binding 
conformations. From the docking results, it was estimated 
that the average electrostatic contribution to ligand binding 
was just ~ 6.1%, non-electrostatic interaction therefore 
dominating in agreement with hydrophobic nature of the new 
allosteric site binding pocket [139]. The major objective of 
the CoMFA and CoMSIA analyses was to obtain better pre-
dictive models. For a training set of 21 ligands, a CoMFA 
model with r2 = 0.996 and cross validated r2 (q2) = 0.697, and 
COMSIA model with r2 = 0.965 and q2 = 0.622 were de-
rived, with the predictive ability of both models validated by 
application to an external test set of 4 ligands not included in 
the original models. The quality of the results indicate that 
these models can be exploited for new indole-2-carboxamide 
inhibitors design. Similar binding conformations of the 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. (15). Binding of CP320626 (72) to the new allosteric binding site. The CP320626 binding pocket is formed by residues of the 2 helix 
(47-78), the cap region (36-47), the 11-residues loop 180-190, and the 7 strand (191-193) from each subunit [144]. Based on PDB code 
1H5U. 
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S
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COOH
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NHCO2tBu

S

R1
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CHO
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S
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N

CHO
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CH2CO2Me

S
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CH2CO2Me

S
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f
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h
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O
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N
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CO2Et

PO(OMe)2

N
O

H2N

N
H

CO2H

N

H
N

O

n

O

A or B or C

A B

C

NH2

R3

R3

R7

R7

R7 R7

O

HN

N

O R6

R5

R1

R4A or B or C

j

j

j

j

l

m 

R7 = H

n

o

p q r

76 77 78 79

80 81 82

83 84

85

87 88 n = 1, 2

89

90 91 92 93

94 95 96 97

k

j

H2N

N

O R6

R5

R4

j

86

34

 
R1 = H, Cl, Br  
R2 = H, Cl, Br  
R3 = (indole numbering in 89) = H, 4-Cl, 5-Cl, -Br, -F, -Me, -Et, -OMe, -CN, -CF3, -Ph, -COOMe, 6-Cl, -Ph, 7-Cl, -NO2, -NH2, 4-COOMe–5-Cl, 5-Cl–6- 

               COOMe, 5-Cl–7-F  
R4 = H, CH2Ph  
R5 = Me, CH2CH2OH, cyclopentyl  
R6 = C1-4 alkyl and isoalkyl, C3-10 cycloalkyl, Ph, aralkyl, heteroaryl and hetarylalkyl, (CH2)2-3NH2 and N-substituted derivatives, (CH2)2-3OH and Me, iPr,  

               Ph ether derivatives, CH2CH2CN, CH2CONH2, CH2COOEt, CH[(CH2)2]2SO2, CH[(CH2)2]2O  
R7= H, Me, CH2CH2OH, CH2CH2OMe, CH2COOH, CH2CONH2 and N-substituted derivatives, CH2CN, CH2CH2SMe and oxidized derivatives,  

                 CH2CH(OH)CH2OH  
Scheme 10. a) KMnO4, NaOH, 50 ºC; b) DPPA, Et3N, tBuOH, reflux; c) nBuLi, THF, DMF, –78 ºC to r. t.; d) MeO2CCH2N3, NaOMe, 
MeOH; e) BrCH2CO2Me, KHCO3, DMF, 60 ºC; f) AcOH, Ac2O, 120 ºC; g) PhCH3, reflux; h) K2CO3, DMF, 60 ºC; i) LiOH, MeOH, H2O;  
j) standard amide coupling conditions; k) 1. Ag2SO4, I2, EtOH, r. t., 2. pyruvic acid, DABCO, Pd(OAc)2, DMF, 105 ºC; l) 1. 2-nitro-
benzaldehyde, NaH, THF, 0 ºC to r. t., 2. Pd/C, MeOH, H2 (40 psi) than EtOAc, reflux; m) 1. (Boc)2O, DCM, 2. NaOtBu, R7-X, DMF, r. t.;  
n) AcCl, MeOH, 50 ºC; o) EtOH/ water (1:1), 2 M HCl to pH 3, H2, 10 % Pd/C, 3 bar, 25 ºC; p) CH3ONH2·HCl, Et3N (2 eq), EDAC, HOBt, 
DMF, r. t.; q) 1. DCM, argon 0 ºC, TFA (2.7 eq), 2. (CF3CO2)IPh (1.05 eq), excess aq Na2CO3; r) H2, 10 % Pd/C, 1 bar, EtOAc. 
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Table 20. Indole-2- and Thienopyrrol-carboxamide Derivatives as Inhibitors of GP (IC50 [μM]) 

 

S

H
N

Cl

Cl

CONH R

 

N
H

X

CONH R

 

 

 

Entry 

R 

 

 

HLGPa 

 

 

Cell 

 

 

Ref. 

 

 

Entry 

X R 

 

 

HLGPa 

 

 

HMGPa 

 

 

Ref. 

7. Cl 
N
H

O

*R

 

0.025 0.014 
1. NO

CH2CH2OH

*Rac

 

0.007 0.6 

2. 
NO

*Rac

OH
*R

OH

 

0.002 0.26 

[145] 

8. Cl 
N
H

O

*S

 

0.047 0.039 

3. R' = H 0.009 1.5 9. Cl 
N
HO

*R

 

0.099 0.083 

[143] 

10. H 0.16 0.056 
4. 

HO

*
R'

Rac

 
R' = F 0.049 1.3 

[146] 

11. F 0.12 0.089 

12. Cl 0.025 0.032 

13. Br 0.030 0.073 
S N

H

Cl CONH R

 14. Me 0.12 0.098 
 

R 

   

15. CN 

NO

*Rac

CH3  

0.18 0.11 

[143] 

    Cell  

5. 
NO

CH2CH2OH

*Rac

 

0.026 0.79 
16. Cl NO

CH2CH2OH

*Rac

 

0.017 4.0 

6. 
NO

*S

OH
*S

OH

 

0.012 - 

[145] 

17. Cl 
NO

*Rac

OH
*R

OH

 

0.044 1.3 

[145] 

18. 

S N
H

Cl

NO

*Rac

OH
*R

OH

HN

O

 

HLGPa 0.029  

Cell 1.1 
[145] 
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Table 21. Comparison of Effects of the Ar1 Aromatic Moiety in N-acyl-phenylalanylamides(IC50 [μM], HLGPa) 

 

CONH

Ph

O

NMe2

Ar1

 
 

Entry Ar1  Ref. 

0.082 [142] 
1. 

N
H

Cl

 0.051 [146] 

  R1 R2   

2. H H 2.31 

3. H Cl 0.017 

4. H Br 0.031 

5. 
S N

H

R2

R1

 Br Br 20 % at 10 μM 

[146] 

6. H H 35 % at 100 μM 

7. H Cl 0.577 

8. Cl H 0.390 

9. Cl Cl 0.005 

10. 

S

H
N

R2

R1

 
Br Br 0.023 

[146] 

 

ligands reveal that they interact with HLGPa in a very simi-
lar way, but suggestions for improvement of affinities can be 
extracted from the 3D-QSAR models. 

Docking and 3D-QSAR analysis have also been per-
formed [151] on the same series of indole-2-carboxamide 
derivatives [142] to quantitatively correlate variations in 
structure and physiochemical properties of the ligands with 
their in vitro HLGPa activities. The data set of 25 ligands 
was divided into a training set of 20, each member selected 
by clustering of molecules based on the Euclidean distances 
between descriptors for the molecules, and a test set of 5. 
Training set selection was performed in this methodical 
manner so as to compensate for deficiencies in the limited 
size of the data set. However, a different approach to that 
used in ref [148] was applied: 3D-QSAR CoMFA/CoMSIA 
models for the GPa inhibitors were derived using pharma-
cophoric alignment and the HIPHOP module of Catalyst 4.5 
[152]. The final CoMFA model was assessed for comple-
mentarity with the active site of GPa by rigid docking to the 
HPGPa enzyme receptor in complex with CP320626 (PDB 
entry 1LWO [153]) using InsightII [154] and LUDI [155, 
156] scoring functions. More specifically, the common 
feature pharmacaphore aligned conformers were manually 
docked into the active site by superimposing them onto 
CP320626. The pharmacophoric model (hypothesis) 
consisted of four features: hydrophobic, hydrogen bond 
donor, hydrogen bond acceptor and ring aromatic, and its 
mapping to CP320626 corresponded well to the major 
interactions between the ligand and GPa enzyme. The 
CoMFA model yielded quality statistics for both the training 
(r2 = 0.98, q2 = 0.68) and test sets (r2 = 0.85) but for the 
docking calculations, in contrast to the other approach 

outlined above [148], the correlation between docking scores 
and ligand binding affinities was not so reasonable (r2 = 
0.57, compare r2 = 0.71 in reference [148]). Errors 
introduced by rigid-body docking, the scoring function and 
docking to a monomer GPa receptor (it is not clear whether 
the dimer was generated for docking by symmetric 
operations) from the GPa-CP320626 (PDB entry 1LWO 
[153]) complex all have to be considered in this regard. 

In summary, extensive efforts were made to improve 
inhibition by compounds occupying the new allosteric site. 
The original indolcarboxamides were replaced by thieno-
pyrrol derivatives, and rigidification of the original stuctures 
was also acheived by quinolones. Glycinamide surrogates 
were made to replace phenylalanylamides. In these series of 
compounds the inhibitory efficiency remained in the low 
nanomolar range.  

Inhibitors with Unknown Binding Mode  

3-Anilino-quinoxalinone (Table 23, Entry 1) was identi-
fied as a new lead by high throughput screening and pharma-
cophore based electronic database searching. In order to test 
changes in the imidazole portion, the substituents of the 
homoaromatic ring and at N-1 of the quinoxaline, as well as 
in the 4-position of the aniline moiety, a series of compounds 
were prepared as outlined in Scheme 11. Diamino benzene 
(or pyridine) derivatives 100, either commercially available 
or obtained from 98 via 99, were ring-closed to 101 which 
was chlorinated to give 102. This was substituted by various 
aniline derivatives to yield 103, 105, and 107 suitable to 
build up further appendages. Thus 103 was directly linked to 
heterocycles by a palladium-catalyzed cross coupling to give 
104; 105 was acylated to amide linked heterocyclic deriva-
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Table 22. Glycinamides as Inhibitors of GP [147] (IC50 [μM]) 

 

N
H

Cl

CONH

O

N

R2

R1

 
 

Entry R1 R2 HLGPa  SK-Hep 

1. CH3 

 
0.055 1.7 

2.  
 

0.150 1.4 

3.  

 

0.210 7.1 

4.  

 
0.230 0.62 

5. 
 OH  

0.016 1.3 

6.  CH2CN 0.030 0.68 

7.  OH  
0.042 0.76 

8.  (CH2)2OH 0.057 0.14 

9. (CH2)2OH S
O

O  

0.012 >30 

10.  

 

0.030 2.3 

11.  

 

0.32 12 

12.  

 

0.12 0.27 

 

tives 106, and the reversed amide linkage of 108 was ob-
tained by amidation of 107.  

Change of imidazole directly linked to aniline by directly 
bound 2-pyrrolyl or 3-furyl or through NHCO-linked 2-
pyrrolyl (not shown) and 2-furyl groups (Table 23, Entry 2) 
gave no better inhibitors. However, amide linked isoxazoles 
(Entries 3, 4) proved much better, and a reversal of the amide 
group brought about a further improvement (compare Entries 
3 and 5, 6). Inserting a methylene bridge between the amide 
nitrogen and the heterocycle gave inhibitors of similar effi-
ciency (Entries 7, 8) but a dimethylene linker resulted in loss 
of activity (Enty 9). Changes in the quinoxaline part were 

investigated with the 2-thienylmethyl derivatives (Entries 
10-18). Removal of the N-methyl group or substitutions in 
the phenyl part in the quinoxaline resulted in no significant 
change of activity (compare Entry 8 to 10-12). Replacement 
of the N-methyl group by ethyl had no influence on the inhi-
bition (Entries 8 and 13) while larger or more polar substitu-
ents (Entries 14-17) weakened the effect. Introduction of a 
further nitrogen into the quinoxalin part also gave a good 
inhibitor (Entry 18). The compounds failed in cellular assays 
most probably due to poor bioavalibility. 

Identified by high-throughput screening an amide deriva-
tive of 3,4-dichloro-cynnamic acid (Table 24, Entry 1) was 
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i

j

98 99 100 101

102 103 104

105 106

107 108 n = 0, 1, 2  
R1 = H, CH3; R

2 = H, F; R3 = H, Me, Et, iPr, CH2CH2OH, CH2CO2H, CH2CH2NMe2, CH2CH2-2-pyridine, CH2CH2-N-piperidine, CH2CH2-N-morpholine;  
X = CH, N. 
Het = furan, thiophene, pyrrole, pyrazole, thiazole, isoxazole, pyrazine 

Scheme 11. a) R3NH2, NaOAc, 80 ºC, b) H2 (50 psi), 10 % Pd/C, EtOH; c) Cl(CO)CO2Et, Et3N, CH2Cl2 or (CO2Et)2, r. t.; d) POCl3, Hünig 
base, PhCH3, 110 ºC or POCl3, DMF, 95 ºC; e) H2N-C6H4-I, CH3CN, 80 ºC; f) Het-B(OH)2, Pd(PPh3)4, 2N Na2CO3, DME, 90 ºC; g) H2N-
C6H4-NH2, CH3CN, 80 ºC; h) H2N-C6H4-CO2Me, CH3CN, 80 ºC; i) Het-COCl, Et3N, CH2Cl2, r. t.; j) Het-(CH2)n-NH2, AlMe3, PhCH3, 120 
ºC. 

shown to have significant activity against HLGPa in the 
presence of glucose but was practically inactive without 
glucose [158]. This compound served as a lead to synthesize 
a variety of related propenamide derivatives. A solid phase 
synthetic methodology (Scheme 12) was developed starting 
by attachment of -amino-alcohols to a resin-bound alde-
hyde 109 using reductive amination to give secondary 
amines 110. Acylation by a carbodiimide-mediated protocol 
gave the expected 112 with phenylpropenoic acids, while 
with benzoic acids 15-20 % of diacylated 113 was also ob-
tained. Alkanoic acids furnished only type 114 compounds, 
which could be selectively O-deacylated to 112 by basic 
treatment. Alcohol 112 was tosylated to 114 and then reacted 
with a cyclic amine to give 111. Compounds 111 were trans-
formed into ureas by isocyanates followed by cleavage from 
the resin to yield compounds 115. Reactions of 111 with acyl 
and sulfonyl chlorides and isothiocyanates were also carried 
out (not shown). 

Extensive SAR investigations revealed that replacement 
of the phenyl-urea part by phenylamide, sulfonamide, and 
thiourea, changing the aryl group on the urea by hydrogen, 
heteroaryl, and diverse alkyl groups, as well as substitutions 
on the phenyl ring by electron releasing groups gave ineffec-
tive (IC50 >20 μM) derivatives. 3,4-Dihalogeno substitution 

proved very efficient both in piperazines and homopiperazi-
nes (Table 24, Entries 1, 2, and 5, 6, resp.), and was superior 
to monochloro substitution either in position 3 or 4 in both 
series (Entries 3, 4, and 7, 8). The effect of the heterocyclic 
ring size seemed not very important with a 5-carbon spacer 
(Entries 1, 2, and 5, 6), but was more pronounced in case of 
4- and 6-membered chains (Entries 11, 15, and 13, 17). Satu-
ration of the double bond in the cinnamoyl moiety to  
–CH2CH2–, its replacement by a cyclopropyl ring, or total 
removal to form a benzamide derivative, as well as various 
substitutions in the phenyl ring instead of the 3,4-dichloro 
pattern gave inactive compounds.  

A large series of bicyclic sugar derivatives [159] 118 
(Scheme 13) was obtained by reductive amination of sugar 
aldehydes 116 by -amino esters 117. Reduction of the ester 
group gave amino alcohols 119. Although the number of the 
investigated compounds does not allow a meaningful SAR to 
be discussed, significant inhibition of RLGP was observed 
by alcohols rather than with esters (Table 25, Entries 2 and 4, 
3 and 5, as well as 8).  

Several natural flavonoid derivatives (flavones, fla-
vonols, flavanones, isoflavones, catechins, and anthocya- 
nidines) were investigated as inhibitors of RMGP (the most 
efficient compounds are shown in Table 26) [160]. Satura-
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Table 23. 3-Anilino-Quinoxalinones as Inhibitors of RMGPb [157] 
 

Entry Compound IC50 [μM] 

1. 
N

N

CH3

O

N
H

N
H

N

 

2.5 

 Het n  

2. 
O  

2-furyl - 2.5 

3. 
N

O
 

3-isoxazolyl - 0.73 

4. 

N

N

CH3

O

N
H

H
N Het

O

 

O
N

 

5-isoxazolyl - 0.71 

5.  3-isoxazolyl 0 0.11 

6. 
N

NH
 

3-pyrazolyl 0 0.2 

7.  2-furyl 1 0.12 

8. 
S  

2-thienyl 1 0.11 

9. 

N

N

CH3

O

N
H

N
H

O

Hetn

 

 2-thienyl 2 >10 

 
N

N

R3

O

N
H

N
H

O

Hetn
R1

R2

 

    

 R1 R2 R3     

10. H H H 0.16 

11. H F CH3 0.14 

12. CH3 H CH3 0.28 

13. H H CH2CH3 0.12 

14. H H CH(CH3)2 >10 

15. H H CH2CH2OH 0.32 

16. H H CH2CO2H 5.7 

17. H H CH2CH2N(CH3)2 0.71 

18. 
N N

N

CH3

O

N
H

N
H

O

Hetn

 

 2-thienyl 1 

0.19 

 

tion of the C ring resulted in loss of activity indicating that a 
completely planar structure is essential for the strong inhibi-
tion (compare 1. Quercetin and 3b). For potent inhibition of 
RMGPa vicinal hydroxyls at least in positions 3' and 4' of 
ring B are essential together with the presence of hydroxyl 

groups in positions 5 and 7 in ring A. Absence of the 3-OH 
slightly reduces inhibition. However, the considerable effect 
observed with a total lack of hydroxyls in ring B and the 
presence of three OH groups in ring A (see 2. Baicalein) may 
suggest a different binding mode to the enzyme. In the an-
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Scheme 12. a) NH2(CH2)mOH, 5 eq, NaBH3CN, 10 eq, DCM, r. t.; b) 0.33 M R1CO2H, 0.4 M 1,3-diisopropylcarbodiimide, NMP, r. t.;  
c) piperazine (n = 1), 35 eq, satd solution in NMP, 80 ºC; d) base treatment; e) 0.33 M p-toluenesulfonyl chloride, 0.43 M pyridine, DCM, r. 
t.; f) 0.4 M R2NCO, NMP, r. t.; g) 50% TFA/DCM, r. t. 

Table 24. 3-Phenyl-2-propenamides as Inhibitors of HLGPa [158] 
 

Compound Entry R1 R2 IC50 [μM] 

1. Cl Cl 
0.94 (+glu) 

>20 (–glu) 

2. Cl F 0.98 

3. Cl H 51 
R1

R2

H
N N

O

N N
H

Cl

Cl

O

 
4. H Cl 100 

5. Cl Cl 0.47 

6. Cl F 0.72 

7. Cl H 1.3 R1

R2

H
N

O

N
H

Cl

Cl

O

N
N

 

8. 
H Cl 51 
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(Table 24). Contd….. 

Compound Entry n m IC50 [μM] 

9. 1 2 90 

10. 1 3 0.32 

11. 1 4 0.71 

12. 1 5 0.94 

13. 1 6 0.44 

14. 2 2 100 

15. 2 4 0.17 

16. 2 5 0.47 

Cl

Cl

H
N N

O

N N
H

Cl

Cl

O

n

m

 

17. 2 6 24 
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O

O

O
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O

O

O O

O

116 117

118 119

Sugar = or

R = Me, Bn, All  
Scheme 13.  

thocyanidine series similar effects of vicinal hydroxyls can 
be observed: 4. Cyanidin and 6. Delphinidin are effective but 
5. Pelargonidin is a much weaker inhibitor. A 3’-OMe in-
stead of OH results in significant weakening or loss of in-
hibitory activity in both series. Although the non-planar 
catechins are inactive (3b) the presence of a galloyl residue 
on the 3-OH makes a good inhibitor (3a). While gallic acid 
itself has no effect its formal dimer (7. Ellagic acid) is rather 
efficient. No information is available about the binding mode 
of these derivatives to the enzyme, however, because of the 
similarity to flavopiridol (cf. Table 12, Entry 1) it might be 
possible that they bind to the purine inhibitor site. 

A series of thiazolidine-2,4-diones attached to 2,3-
dihydrobenzo[1,4]dioxin ring systems was prepared [161] 
(Scheme 14) from hydroxyacetophenon derivatives 120 by 
allylation followed by oxidation of 122 to give the epoxi-
dized Bayer-Villiger product 124. Intramolecular nucleo-
philic attack on the epoxide by the phenolate liberated by 

basic treatment of 124 gave benzodioxins 125. The corre-
sponding methylenedioxy derivative 125 was obtained from 
121 by formylation to 123, and subsequent oxidation, ring 
closure, and reduction of the ester. Tosylation gave com-
pounds 126 which were coupled to a phenolic aldehyde to 
furnish 127. Final basic condensation to thiazolidine-2,4-
dione produced test compounds 128. Because of solubility 
problems only a few of the final series and the intermediates 
could be assayed with GP to show micromolar inhibitory 
potency (Table 27). 

Based on screening a larger collection of benzamide and 
related derivatives aminobenzamide (Table 28, Entry 1), 
terephthalamide (Entry 6), and N-(thiazol-2-yl)acetamide 
(Entry 8) were selected as leads [162]. The first structure was 
modified by introducing substituents into the N-phenyl ring. 
To this end, 4,5-difluoro-2-nitrobenzoic acid (129) was 
transformed by standard methods to amides 130 which on 
coupling with 1-methyl-1H-imidazole-2-thiol to 131 and 
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Table 25. Sugar-derived -amino esters and -amino alcohols as inhibitors of rat liver GP [159] 

 

Entry Compound R1 R2 R3 
Inhibition (%)  
at 100 μg/mL 

1. Bn Me CO2Et 46 

2. Bn All CO2Et none 

3. All Bn CO2Et 30 

4. Bn All CH2OH 41 

5. All Bn CH2OH 73 

6. 

O O

O

NH
OR2

R3 O

R1O O

O

 

All Me CH2OH   5 

7. - Me CO2Et 16 

8. 

O O

O

NH
OR2

R3

O

O

O O

O

 

- All CH2OH 95 

9. 
NH

R3 O

R1O O

O

O

O

O

O

O

 

Bn - CH2OH 19 

 

Table 26. Natural Flavonoids as Inhibitiors of GP [160] (IC50 [μM]) 
 

Flavones, flavonols, and catechins RMGPa RMGPb Anthocyanidines RMGPa RMGPb 

OHO

OH O

OH

OH

OH

A

B

C 3

5

7

3'

4'

5'

 
1. Quercetin 

4.8 20.9 
OHO

OH

OH

OH

OH

 
4. Cyanidin 

3.0 9.0 

OHO

OH O

HO

 
2. Baicalein 

11.2 10.2 

OHO

OH

OH

OH

 
5. Pelargonidin 

43.6 6.2 
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(Table 26). Contd….. 

Flavones, flavonols, and catechins RMGPa RMGPb Anthocyanidines RMGPa RMGPb 

OHO

OH

OH

OH

OH

OH

 
6. Delphinidin 

3.1 10.7 
OHO

OH

OH

OH

OH

O

O
OH

OH

OH
 

3a. Epigallocatechin-3-gallate 

3b. No effect without the gallic acid moiety 
(highlighted) 

7.7 33.9 
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O
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O
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3.2 12.1 
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R1 and/or R2 = H, Br, OCH2O; R3 = COCH3; R

5 = H, OMe. 
Scheme 14. a) allyl bromide/K2CO3/DMF, 80 ºC; b) (CHO)n, MgCl2/Et3N, THF, reflux; c) MCPBA/CHCl3, reflux; ; d) (i) H2O2/Et3N, 5 ºC; 
(ii) ethyl dibromopropionate, K2CO3/acetone, reflux; (iii) LiAlH4/dry ether; e) NaOMe/MeOH, r. t.; f) 4-hydroxybenzaldehyde or vanillin or 
phenol/K2CO3/DMF, 80 ºC; g) 50 % TFA/CH2Cl2, r. t.; g) TsCl/pyridine, r. t.; h) thiazolidine-2,4-dione, NaOAc, 140 ºC. 

subsequent reduction of the nitro group furnished test com-
pounds 132 (Scheme 15). From a collection of 15 com-
pounds the 3-substituted derivatives (Table 28, Entries 2-5) 
showed significantly stronger inhibition than the parent 
structure.  

The terephthalamide modifications were made in the N-
heterocyclic moieties, and these and analogous isophthala-
mides 134 were made from the corresponding acid chlorides 
133 (Scheme 16). Only a few variants of the N-(thiazol-2-
yl)acetamide were made by reacting N-aryl-chloroacet-
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Table 27. Inhibition of GP by 2,3-dihydrobenzo[1,4]dioxin Derivatives [161] 
 

R1

R2

O

O

NH
S

O

O

R5

O

 
 

    Ki [μM] 

Entry R1 R2 R5 RMGPb RMGPa 

1. Br H H 80 - 

2. Br Br H 12 10 

3. Br Br OMe 30   9 

 

R1

R2

O

O

R5

O

 
 

 IC50 [μM] 

4. Br Br CHO 550  

5. Br Br H 560  

 

F

F NO2

OH

O

F

F NO2

N
H

O

Ar

S

F NO2

N
H

O

N

N

Ar

129 130

131 132

a, b

c

d

NH2

N
H

O

Ar

 
Ar = C6H5, 4-Me-C6H4, 2- or 3- or 4-MeO-C6H4, 2- or 3- or 4-CN-C6H4, 2- or 3- or 4-NH2-C6H4, 3-F-C6H4, 3-CF3-C6H4, 2,6-di-F-C6H3, C6H5CH2. 

Scheme 15. a) (COCl)2 (1.2 eq), DMF (two drops), CH2Cl2, r. t., 2 h; b) Ar-NH2 (1 equiv), pyridine (2 eq), CH2Cl2, r. t.; c) 1-methyl-1H-
imidazole-2-thiol (1 eq), Et3N (3 eq), CH3CN, refl.; d) Fe powder (10 eq), iPrOH, satd aq NH4Cl, refl., 0.5 h. 

amides 135 with N-aryl-piperazines to give test compounds 
136 (Scheme 16). None of these changes brought about im-
portant improvements of the inhibition as shown by Entries 6 
and 7 as well as 8 and 9 in Table 28 presenting the most 
efficient compounds of the respective series. 

The authors suggested these compounds to bind at the 
new allosteric site based on pharmacophore mapping and 
molecular docking simulations. Co-crystallisation trials of 
RMGPb with compound in Entry 5 of Table 28 failed#. 

CONCLUSION 

Inhibition of glycogen phosphorylase, the rate limiting 
enzyme of glycogen degradation in the liver, has been the 

                                                
# Oikonomakos, N.G. unpublished observations. 

subject of much investigation for lowering blood sugar levels 
in type 2 diabetes. The catalytic site of the enzyme accom-
modates analogs of D-glucose. New, efficient inhibitors 
include -D-glucopyranosylamines acylated with substituted 
acetic acids, aliphatic carboxylic acids with bulky append-
ages, dicarboxylic acids, oxamic acids, and phosphoric acid, 
N-acyl-N’- -D-glucopyranosyl ureas, and N- and C- -D-
glucopyranosyl heterocycles have also been developed. Most 
important is the finding that large hydrophobic groups inter-
acting with the side chains of the -channel next to the cata-
lytic site are essential for tight binding. Attached to a glu-
copyranosyl urea scaffold such derivatives are nanomolar 
inhibitors. Binding of DAB to the catalytic site showed this 
derivative to be an oxocarbenium ion transition-state analog. 
Other iminosugars were less efficient inhibitors. Indirubin 
derivatives and analogs of flavopiridol investigated as inhibi-
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Scheme 16. 

 
Table 28. Inhibition of RMGPa by Benzamide and Related Derivatives [162] 
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Entry R  IC50 [μM] 

1. H  215 

2. CN  9.9 

3. F  31 

4. CF3  8.9 

5. NH2  2.7 

6. 

O

HNO

NH

N

S

N

S

 

337 

7. 

O

N
H

O

N
H

N N

 

58 

 N

N

O

H
N

N

S

R  

 

8. H  97 

9. F  36 

 

tors of the purine site were not more efficient than earlier 
compounds. Cyclodextrins bind at the storage site. Inhibitors 
of the AMP-site include acyl ureas, phthalic acid and dihy-

dropyridine diacid derivatives, pentacyclic triterpenes, and a 
dicinnamoyl dihydroxy pentanedioic acid. Some phthalic 
acid derivatives exhibited ~10-fold selectivity towards the 
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liver enzyme. Novel compounds binding to the new allos-
teric site were found by replacing the 5-chloroindol moiety 
by chlorinated thienopyrroles, and appending these to qui-
nolone derivatives. 5-Chloroindoloyl glycinamides appeared 
as simplified structures with affinity to the same site. Several 
new compound classes emerged as inhibitory structures: 
anilino-quinoxalines, 3,4-dichloro-cinnamides, bicyclic 
sugar derivatives, natural flavonoids, 2,3-dihydrobenzo[1,4] 
dioxin as well as benzamide derivatives which bind with an 
unknown mechanism. Extensive application of diverse com-
putational methods together with X-ray crystallographic 
investigation of enzyme-inhibitor complexes is becoming a 
very useful aid in designing new inhibitory stuctures for GP. 
Provided sufficient tissue selectivity can be achieved, inhibi-
tion of GP can be expected to become a powerful therapy for 
type 2 diabetes. 

NOTE ADDED IN PROOF 

Several new structures investigated as inhibitors of GP 
were published after completion and submission of the 
manuscript. 2-Naphthyl-substituted glucopyranosylidene-
spiro-oxathiazole was reported to be the best known glucose 
analogue inhibitor of RMGPb (Ki = 160 nM) [163]. A C- -
D-glucopyranosyl cyclopropylamide inhibited RMGPb 
weakly (16 % inhibition at 2.5 mM) [164]. Analogs of DAB 
such as its enantiomer, C-2 and C-3 epimers, C-1 and N-
substituted derivatives, and compounds with a sulfur instead 
of the ring nitrogen displayed significantly weaker or no 
binding to GPb [165]. Several six-membered iminosugars 
and analogs proved practically inactive against RMGPb 
[166]. Further studies and thermodynamic characterization of 
acylurea type compounds (cf Table 13) as well as a new 
inhibitor with a quinolone scaffold (IC50 = 44 nM with 
RMGPb) were reported [167]. A new series of 5-chloro-N-
aryl- and -heteroaryl-1H-indole-2-carboxamide derivatives 
proved low micromolar inhibitors of HLGPa, and the best 
compound (IC50 = 0.25 μM) had a 26 % glucose lowering 
effect in db/db mice [168]. A study on hyphodermins and 
their synthetic analogs revealed that 2-oxo-hexahydro- and -
tetrahydrobenzo[cd]indole carboxylic acids (IC50 = 0.8-1.2 
mM against GPa) can be a potential new class of molecules 
for inhibitor design [169]. Bis-3-(3,4-dichlorophenyl)  
acrylamide derivatives showed synergy with glucose in in-
hibiting HLGPa and the best compound had IC50 = 12 nM in 
the presence of glucose [170]. Amino acid anthranilamide 
derivatives were identified as glucose sensitive inhibitors of 
HLGPa with an example showing remarkable in vivo activ-
ity [171]. A new study appeared on the inhibition of GPb by 
flavonoids reporting in some cases contradictory results to 
those published previously (cf Table 26) [172]. Several pyra-
zolo[4,3-b]oleanane derivatives were shown to inhibit 
RMGPa in the low micromolar range [173]. New pentacyclic 
triterpenes were isolated from Gypsophila oldhamiana and 
evaluated for their GP inhibitory activity [174]. A survey on 
GP inhibitor design appeared presenting selected inhibitory 
structures [175].  
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