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Design of inhibitors of glycogen phosphorylase (GP) with pharmaceutical applications in improving gly-
caemic control in type 2 diabetes is a promising therapeutic strategy. The catalytic site of muscle glyco-
gen phosphorylase b (GPb) has been probed with five deoxy-fluro-glucose derivatives. These inhibitors
had fluorine instead of hydroxyl at the 3’ position of the glucose moiety and a variety of pyrimidine deriv-
atives at the 1’ position. The best of this carbohydrate-based family of five inhibitors displays a K; value of
46 pM. To elucidate the mechanism of inhibition for these compounds, the crystal structures of GPb in
complex with each ligand were determined and refined to high resolution. The structures demonstrated
that the inhibitors bind preferentially at the catalytic site and promote the less active T state conforma-
tion of the enzyme by making several favorable contacts with residues of the 280s loop. Fluorine is
engaged in hydrogen bond interactions but does not improve glucose potency. The pyrimidine groups
are located between residues 284-286 of the 280s loop, Ala383 of the 380s loop, and His341 of the B-
pocket. These interactions appear important in stabilizing the inactive quaternary T state of the enzyme.
As a follow up to recent computations performed on B-p-glucose pyrimidine derivatives, tautomeric
forms of ligands 1-5 were considered as potential binding states. Using Glide-XP docking and QM/MM
calculations, the ligands 2 and 5 are predicted to bind in different tautomeric states in their respective
GPb complexes. Also, using o-p-glucose as a benchmark model, a series of substitutions for glucose —
OH at the 3’ (equatorial) position were investigated for their potential to improve the binding affinity
of glucose-based GPb catalytic site inhibitors. Glide-XP and quantum mechanics polarized ligand
(QPLD-SP/XP) docking calculations revealed favorable binding at this position to be dominated by hydro-
gen bond contributions; none of the substitutions (including fluorine) out-performed the native -OH sub-
stituent which can act both as hydrogen bond donor and acceptor. The structural analyses of these
compounds can be exploited towards the development of better inhibitors.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

during the processes of gluconeogenesis and glycogenolysis. Glyco-
gen phosphorylase (GP) a key regulatory enzyme present in most

Treatment of type 2 diabetes (T2D) has focused mainly on
approaches that aim to decrease the high concentration of glucose
in the blood by means of hypoglycaemic drugs, such as sulfonylu-
reas that increase the insulin secretion rate of the p-cell islets but
also can cause rather significant mechanism-based side effects. The
liver is principally responsible for the elevated rates of glucose

Abbreviations: GP, glycogen phosphorylase, 1,4-a-p-glucan: orthophosphate
o-glucosyltransferase (EC 2.4.1.1); GPb, rabbit muscle glycogen phosphorylase b;
GPa, rabbit muscle glycogen phosphorylase a; hlGPa, human liver glycogen
phosphorylase a; PLP, pyridoxal 5'-phosphate; glucose, a-p-glucose; Glc-1-P, o-p-
glucose 1-phosphate.
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mammals, catalyzes the first step of glycogen degradation to
glucose-1-phosphate (Glc-1-P) that is subsequently converted
to a-p-glucose.! In recent years GP has emerged as a promising tar-
get for the design of inhibitors with pharmaceutical applications
towards improving glycaemic control in type 2 diabetes.>™

The enzyme exists in two interconvertible forms: the dephos-
phorylated form, GPb, and the phosphorylated form, GPa. In rest-
ing muscle the enzyme exists in the inactive form (GPb), which
can be activated either by non-covalent co-operative binding of
AMP (or IMP) or by covalent phosphorylation to form GPa. Both
forms can exist in a less active T state and a more active R state
according to the Monod-Wyman-Changeux model for allosteric
proteins.” The catalytic site, which includes the essential cofactor
pyridoxal-5-phosphate, is buried at the center of the subunit
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accessible to the bulk solvent through a 15 A long channel. The
catalytic site of GP has been probed with glucose and glucose
analogues inhibitors.> Glucose is an effective allosteric inhibitor
for GP and it exhibits a Hill coefficient (n=1.5) that indicates a
shift in the equilibrium toward the T state.? Glucose, on binding
at the catalytic site, promotes the less active T state through sta-
bilization of the closed position of the 280s loop which blocks ac-
cess for the substrate (glycogen) to the catalytic site. The binding
of glucose at the catalytic site is dominated by hydrogen bonds
from each of the peripheral hydroxyl groups to protein atoms.
Examination of the van der Waals surface of a-p-glucose bound
to GPb showed that, there is an empty pocket at the -1-C config-
uration lined by both polar and non polar groups.? A systematic
work of structure-assisted design, based on synthetic, kinetic,
and X-ray crystallographic binding studies has led to the
discovery of over 80 glucose analogues inhibitors of GPb.>™*
N-Acetyl-B-p-glucopyranosylamine (NAG) was one of the first effi-
cient glucose analogue inhibitors of GP®, and has been used as a
lead in inhibitor design.* Inhibitors with substituent large
aromatic groups or long rigid aliphatic chain with an aromatic
endgroup increase the potency.>* Furthermore, the potency and
the binding mode of N-B-p-glucopyranosylamines, N-acyl-N'-B-p-
glucopyranosyl ureas, glucose analogues based on C-B-p-glucopyr-
anosyl derivatives, glucose analogs based on iminosugars,
N-B-p-glucopyranosyl monoamides of dicarboxylic acids, N-B-p-
glucopyranosyl oxamic acid and oxamide derivatives, N-acyl-N'-
B-p-glucopyranosylamines to GP has been studied by kinetic
and crystallographic methods.>* Structural information available
from the crystal structure of the GPb-NAG complex at 1.9A
resolution’ showed that NAG (6), on binding to GPb, promotes
the less active T state enzyme through stabilization of the closed
position of 280s loop (residues 282-287) and blocks access of the
substrate to the catalytic site. The inhibitor fits tightly into the
so-called B-pocket, a side channel from the catalytic site with
no access to the bulk solvent.? In addition, there is a hydrogen
bond between N1 of NAG and carbonyl O of His377, an interac-
tion that since then has been observed in all B-p-glucopyranosyl-
amine analogues of p-p-glucopyranose.?>

Identification of the structural determinants contributing to
inhibitor binding modes at the catalytic site should provide a bet-
ter understanding of the mechanism of inhibition of GP and aid in
the design of compounds with improved potency against GP. Fluo-
rinated compounds are currently widely used in the treatment of
diseases and the inclusion of a fluorine atom in drug molecules
has a strategic value in drug design.® The inclusion of a fluorine
atom in a compound can have profound effects on drug disposition,
in terms of distribution, drug clearance and metabolism.® Thus, in
continuation of our efforts towards discovering potent inhibitors of
GP with a therapeutic potential, we have now studied the effect of
fluorine substitution in the glucopyranosyl ring of glucose-based
inhibitors with respect to their potency and their binding mode
to GPb. Replacement of the hydroxyl groups of glucose at 3/, 4/,
or 6' position by fluorine has resulted in a significant decrease at
the inhibitory potency for GP with respect to glucose and 3/, 4/,
or 6 deoxy-fluro-glucose displayed K; values of 200, 25, and
90 mM, respectively.!®!! Fluorine is a poorer hydrogen bond
acceptor than oxygen (it cannot act as a donor)'? and it affects
the hydrogen bonding interactions between the ligand and resi-
dues of the catalytic site of GPb that can donate a proton. More-
over, N-B-p-glucopyranosyl pyrimidines have been recently found
to inhibit GP with K; values in the micromolar 1‘egion.4 With the
scope to study whether an N-B-p-glucopyranosyl pyrimidine sub-
stitution and its interactions within the B-pocket can counteract
the decrease of the inhibitory potency of glucose caused by the
substitution the 3’ hydroxyl group by fluorine, we report here on
the kinetic and crystallographic experiments of five deoxy-fluro-

glucose derivatives (1-5, Scheme 1) with glycogen phosphorylase
b. These inhibitors have fluorine instead of hydroxyl at the 3’ posi-
tion of the glucose moiety and either a uracil (U, 1), or a N*-benzoyl
cytosine (2), or a cytosine (C, 3), or a 5-fluorouracil (5-F-U, 4) at-
tached at the 1’ position of the glucopyranose.'>'* We have also
tested the inhibitory potential of 2-deoxy 3-fluoroglucopyranose
with a N*-benzoyl cytosine (5) attached at the 1’ position. The best
of these inhibitors displays a K; value of 46 uM. To elucidate the
mechanism of inhibition for these compounds (1-5), the crystal
structures of GPb in complex with each one of these inhibitors
were determined and refined at high resolution (1.86-2.0 A). The
structures demonstrated that the inhibitors bind preferentially at
the catalytic site and promote the less active T state conformation
of the enzyme by making several favorable contacts with residues
of the 280s loop.

Ligand tautomeric states are still often incorrectly disregarded in
computer aided drug design.>'5-!7 Recently, we have highlighted
the importance of consideration of ligand ionization/tautomeric
states in the GPb binding studies for a set of B-p-glucose pyrimidine
derivatives.? In this respect, we have also calculated using DFT and
docked using cupe'®1° the low-lying energy tautomers of 2 and 5.
With respect to ligands 1, 3, and 4, computational studies on the un-
bound and GPb bound states of B-p-glucose forms of these ligands
are reported in our previous work,> and are consistent with the
crystallographic data reported here for their F-substituted glucose
forms, binding through their most state free state tautomeric forms.
Finally, to further analyze the binding details of 3’-fluorinated glu-
cose and the potential of a series of other 3’ glucose substitutions
(7_R=X, Fig. 5), supplementary molecular modelling calculations
were performed. The a-p-glucose ligand with a K;=1.7 mM for
GPb inhibition? and the reported GPb-a-p-glucose X-ray complex
by Martin et al.2° were used as a template and benchmark. Effects,
if any, of substitution on the glucose ring conformations in the free
states were monitored, while Glide and quantum mechanics polar-
ized ligand docking (QPLD) calculations'® were used to model the
ligand GPb bound states and properties.

2. Results and discussion

The kinetic parameters of compounds 1-5, assayed with GPb in
the direction of glycogen synthesis, are summarized in Scheme 1.
Compound 2 was found to be the best inhibitor (on the uM scale
(Ki = 46.42 = 1.56 nM) with the other ligands displaying mM range
inhibition (Ki's=3.46+0.07 mM (1); 4.01£0.05mM (3); 3.67
0.30 mM (4); 6.55 + 0.68 mM (5)). In order to elucidate the struc-
tural basis of inhibition we have determined the crystal structures
of GPb in complex with each of 1-5. A summary of the data pro-
cessing and refinement statistics for the 1-5 complex structures
is given in Table 1. The initial A weighted F, — F. Fourier electron
density maps calculated with phases from the GPb model indicated
that compounds 1-5 are all bound at the catalytic site (Fig. 1). Elec-
tron density maps (Supplementary Fig. 1) clearly defined the posi-
tion of each inhibitor within the catalytic site, consistent with the
kinetic results. A structural comparison between GPb-2 complex
and 1, 3, 4, and 5 GPb complexes shows that the positions of Ca
for residues 18-249, 262-312, and 326-829 deviate from their
mean positions by 0.083, 0.108, 0.071, and 0.144 A, respectively,
indicating overall negligible changes between the complex struc-
tures. The solvent accessibilities of the free ligand molecules 1-5
are 424, 579, 432, 446, and 571 A2, respectively, while for the
bound ligand molecules are 22, 21, 24, 22, and 27 A2, respectively.
These values indicate that approximately 95% of the surface of all
ligands becomes buried upon binding to GP. We describe in detail
the GPb-2 interactions and briefly the interactions of 1, 3,4, and 5
at the catalytic site.
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Scheme 1. The chemical structures of the deoxy-fluro-glucose derivatives (1-5) and N-acetyl-B-p-glucopyranosylamine (6). The numbering scheme used is shown together

with the K; values for each inhibitor.

Table 1
Summary of the diffraction data processing and refinement statistics for GPb: 1-5 complexes

Compound 1 2 3 4 5
Experimental details
Inhibitor concentration (mM) 10 10 50 10 50
Soaking time (h) 14 1 5.5 9 48
Resolution (A) 30.0-1.86 30.0-1.90 30.0-2.0 30.0-1.93 30.0-2.0
Outermost shell (A) 1.89-1.86 1.93-1.90 2.03-2.0 1.96-1.93 2.03-2.0
Reflections measured 623,051 586,292 943,593 614,856 300,097
Unique reflections 81,842 76,656 66,468 74,225 65,585
Redundancy 5.0 (4.7) 5.0 (5.1) 5.1 (5.3) 438 (4.4) 5.0 (4.8)
Rsymm® 0.041 (0.420) 0.044 (0.444) 0.071 (0.487) 0.047 (0.425) 0.051 (0.493)
Completeness (%) 99.4 (99.8) 98.7 (99.9) 99.2 (98.8) 99.9 (99.9) 97.5 (98.3)
(/o) 202 (3.8) 19.1 (4.1) 9.4 (5.1) 20.8 (4.2) 49(2.2)
Reryst 0.182 (0.241) 0.182 (0.231) 0.188 (0.235) 0.175 (0.226) 0.184 (0.243)
Riree® 0.208 (0.302) 0.211 (0.281) 0.215 (0.244) 0.207 (0.255) 0.215 (0.281)
No of solvent molecules 375 348 277 388 295
RMSD from ideality

in bond lengths (A) 0.009 0.009 0.010 0.009 0.010

in angles (°) 1.1 1.1 1.2 1.1 1.2
Average B factor
Protein atoms (A?) 29.2 29.2 327 27.1 30.8
Solvent molecules (A?) 39.1 384 39.0 37.6 38.0
Ligand atoms (A2) 26.1 38.0 28.4 33.8 28.8

PDB code

? Rsymm = ZpZill(h) — I(h)/Z,Zl(h) where I;(h) and I(h) are the ith and the mean measurements of the intensity of reflection h.
b Reryst = Zp|Fo — Fe|[ZrFo, where F, and F. are the observed and calculated structure factors amplitudes of reflection h, respectively.

€ Riree is equal to Ry for a randomly selected 5% subset of reflections not used in the refinement. Values in parentheses are for the outermost shell.

2.1. The binding of compound 2 to GPb

The mode of binding and the interactions that the glucopyra-
nose moiety of 2 makes with GPb are close to those for o-p-glu-

cose®! (Fig. 2). The 3’ fluorine forms hydrogen bonds with the
main-chain amide of Ala673, Ser674, and Gly675. In the GPb-
NAG complex’ the glucose moiety forms similar hydrogen bond
interactions with the protein residues with the exception of the
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Figure 1. A schematic diagram of the GPb dimeric molecule viewed down the
molecular dyad. One subunit is colored in green and the other in cyan. The position
is shown for the catalytic site. The catalytic site, marked by bound compound 2 (in
yellow), and the essential cofactor pyridoxal 5'-phosphate (in brown) shown in
ball-and-stick representations, is buried at the center of the subunit and is
accessible to the bulk solvent through a 15-A long channel. Compound 2, on binding
at the catalytic site, promotes the less active T state through stabilization of the
closed position of the 280s loop (shown in red and thicker) which blocks access for
the substrate (glycogen) to the catalytic site.

interaction with the main-chain nitrogen of Ala673 which is miss-
ing. The N*-benzoyl cytosine group of compound 2 is accommo-
dated at the B-pocket of the catalytic site stabilizing the closed
conformation of the 280s loop. 010 makes a hydrogen bonding
interactions with Asn284 N§2 and with Asp283 081 through a
water molecule with N2 forming a water-mediated hydrogen bond
with Asp283 051. Compound 2 also exploits an extended hydrogen
bonding pattern between N4, a water molecule and Glu88 OE2 and
Asn282 0O; 010 a water molecule and Gly135 N, and Arg5697 N
through another water molecule; 02 is hydrogen bonded with
Thr671 O and Ala673 N through a water molecule; 04 forms
water-mediated hydrogen bond interactions with Thr676 N and

SER-674

GLY-135
¥ GLY-675
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0G1; 06 is hydrogen bonded with His377 ND2 and Asn484 OD1
(Table 2). The hydrogen bonds formed between the ligand and
the protein are illustrated in Figure 3b. Compound 2, on binding
to GPb, makes a total of 17 hydrogen bonds and 55 van der Waals
interactions with 12 protein residues (1 non polar/non polar,
32 non polar/polar, and 21 polar/non polar) (Table 3). It is a mod-
erate inhibitor (K;=46.4 uM) and binds almost as tight as NAG
(K; = 32 uM).22 However, compound 2 binds 37 times more tightly
than o-p-glucose (K; = 1.7 mM)?, and 160 times more tightly than
its parent compound B-p-glucose (K; = 7.4 mM)?! despite the fact
that has a fluorine instead of a hydroxyl group at 3’ position which
leads to an increase of 100 times in the K; value of 3-fluoro-3-
deoxy-p-glucose with respect to glucose.'® This can be attributed
to the hydrogen bond and van der Waals interactions of the N*-
benzoyl cytosine group with the protein at the p-pocket.

Compound 2 is more bulky than NAG and it was expected to
form an improved network of interactions compared to NAG?2,
however, it exhibits approximately the same affinity. Structural
comparison of the two complexes (Fig. 2) reveals a conformational
shift for Asp339; the dihedral angle y? [CA-CB-CG-OD1] is rotated
by 90° in order to avoid close contacts with benzoyl group of 2.
There are also small shifts of the side chain atoms of Leu136 and
Asp283; thus, on ligand binding, the side chains of Leu136 and
Asp283 are rotated by ~90° and 12°, respectively (dihedral angles
%% (CA-CB-CG-CD1) and y? (CA-CB-CG-0OD1)) to optimize contacts
with the ligand. In the GPb-NAG complex, O7 is hydrogen bonded
to a water molecule, and this in turn is hydrogen bonded to Asn284
N, and to Asn133 ND2, Glu88 OE1, and Asn282 O through another
water molecule.?? These two water molecules are displaced by the
benzoyl group in the GPb-2 complex. One of the main differences
in the binding mode of the two inhibitors appears to be the hydro-
gen bond interaction of N1 with His377 O in the GPb-NAG com-
plex which does not exist in the GPb-2 complex since N1 does
not have a hydrogen. Ligand 2 also engages in more than double
van der Waals interactions (54) than NAG (25)” which counteract
for the weaker hydrogen bonding interactions of the fluorine atom
of 2 as compared to those of the 3’ hydroxyl of NAG offering a pos-
sible explanation for their equipotency.

2.2. The binding of compounds 1, 3, and 4 to GPb

Reduction in the size of the 1-substituent group of compound 2
resulted in reduction in the inhibitory potency. Thus, compounds 1,
3, and 4 are approximately equipotent inhibitors of GPb with K;
values of 3.46, 4.01, and 3.67 mM, respectively, binding to the en-
zyme almost 100 times less tight than compound 2. The mode of

SN Ase-339 _‘ :
b 7Y, Y.

ALA6T3 N\ “5"'2“ ASN-133
X Y i gl

sgr-674

GLY-135

' GLY-675

Figure 2. Stereo diagrams of the structural comparison between GPb in complex with 2 (yellow) and NAG (green).



Table 2

Potential hydrogen bond interaction of compounds 1-5 with GPb residues in the crystal
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Inhibitor atom

GPb-1

GPb-2

GPb-3

GPb-4

GPb-5

N4

Asn284 N (3.2)
Water298 (3.3)

N2 Water280 (2.6) Water272 (2.6)

02 Asn284 Ns2 (3.2) Tyr573 On (3.1)
Tyr573 On (3.1) Glu672 O¢1 (2.8)
Glu672 O¢1 (2.8) Water277 (2.9)
Water285(2.9)

04 Gly675 N (2.9) Gly675 N (2.9)
Water127 (2.6) Water123 (2.6)

06 His377 N&1 (2.7) His377 N&1 (2.6)
Asn484 051(2.8) Asn484 051(2.9)

09 Asn284 N (2.9)
Water295 (2.7)

010 Gly135 N (3.3) Gly135 N (3.3)
Leu136 N (3.0) Leu136 N (2.9)
Water58 (3.0) Water57 (3.2)
Water280 (3.3) Water272 (2.6)

F2

F3 Ala673 N (3.3) Ala673 N (3.2)

Ser674 N (2.9)
Gly675 N (3.1)

Ser674 N (2.9)
Gly675 N (3.1)

Water240 (2.7)

Asn284 N2 (3.3)
Tyr573 On (3.1)

Glu672 O¢g1 (2.8)
Water242 (3.0)

Gly675 N (2.9)
Water118 (2.6)
His377 N51 (2.7)
Asn484 051(2.9)

Leu136 N (3.0)
Water55 (3.1)
Water240 (2.9)

Ala673 N (3.3)
Ser674 N (2.9)
Gly675 N (3.1)

Water281 (2.4)

Asn284 N2 (3.3)
Tyr573 On (3.1)
Glu672 O¢1 (2.8)
Water282 (3.2)
Water288 (3.0)
Gly675 N (2.8)
Water125 (2.5)
His377 N51 (2.7)
Asn484 051(2.8)
Asn284 N (2.9)
Water296 (2.6)
Gly135 N (3.1)
Leu136 N (3.0)
Asn283 051(3.3)
Water58 (2.8)
Water281 (3.1)
Asn284 051 (3.3)
Water296 (3.2)
Ala673 N (3.2)
Ser674 N (2.9)
Gly675 N (3.1)

Water266 (3.1)

Water254 (2.8)
Water268 (3.1)

Gly675 N (2.8)
Water119 (2.6)
His377 N&1 (2.6)
Asn484 051(3.0)
Asn284 051 (3.3)

Leu136 N (3.0)
Water54 (3.1)
Water254 (2.7)

Ala673 N (3.2)
Ser674 N (2.9)
Gly675 N (3.2)

For ligand atom definitions see Scheme 1. Values in parentheses are distances in A.

binding and the interactions that the glucopyranose moiety of 1, 3,
and 4 make with GPb residues are almost identical with those for
a-p-glucose?! and very similar with each other. Fluorine in all
three compounds forms hydrogen bonds with the main-chain
amides of Ala673, Ser674, and Gly675 as in compound 2. The 1-
substituent group is accommodated at the B-pocket of the catalytic
site and stabilizes the closed conformation of the 280s loop. How-
ever, its interactions are fewer than compound’s 2 and overall
compounds 1, 3, and 4 form 35, 34, and 37 van der Waals contacts
with GPb residues, respectively (Table 3). In particular, compound
1 forms 18 non polar/polar and 16 non polar/non polar, compound
3 17 non polar/polar, and 15 non polar/non polar, and compound 4
21 non polar/polar and 14 non polar/non polar van der Waals
interactions (Table 3). The pattern of hydrogen bonding interac-
tions, illustrated in Figure 3a-d, between the inhibitors and the en-
zyme is maintained when comparing the complex structures of
derivatives 1, 3, and 4. It is notable that, as in the case of compound
2, exactly the same conformational rearrangements are observed
on binding of 1, 3, and 4 to the catalytic site of GPb. These include
small shifts in the side chains of Leu136, Asn282, Asp283, Asn284,
Asp339, and Thr378 in order to optimize contacts with ligands.
However, the amide group of cytosine in compound 3 does not
form any hydrogen bond interactions with the protein in contrast
to the carbonyl of uracil in compounds 1 and 4 which is in hydro-
gen bonding distance from Asn284 N (Table 2). This is due to a
difference in the binding mode of compound 3 with respect to that
of 1 and 4, that is, the pyrimidine ring of 3 is slightly tilted with
respect to its position in 1 and 4 (the difference in the angle
C2-C1-N1 between 1 and 4 is 4°). In addition the fluorine atom
of the fluorouracil group of compound 4 forms hydrogen bonds
with Asn284 OD1 and with His341 NE2 through a water molecule
(Table 2, Fig. 3). Still, these differences in the interactions of com-
pounds 1, 3, and 4 are not translated into differences in the affinity
of compounds for GPb and they are equipotent.

The crystal structure of GPb in complex with 1-p-glucopyranosyl
uracil and 1-p-glucopyranosyl cytosine has been reported (PDB
codes 3BCS and 3DBS, respectively).? These ligands are similar to
compounds 1 and 3 with the only difference that they have a hydro-

xyl group at the 3’ position instead of fluorine. Structural compari-
son between the GPb complexes with 1 and 1-p-glucopyranosyl
uracil and 3 and 1-p-glucopyranosyl cytosine reveals that regardless
the fluorine atom the ligands bind almost identical to glycogen
phosphorylase. However, their inhibitory potencies differ quite
substantially since the K; values for 1-p-glucopyranosyl uracil and
1-p-glucopyranosyl cytosine are 6.1 and 7.7 uM, respectively® while
for 1 and 3 are 3.46 and 4.01 mM, respectively. This indicates that
the fluorine substitution has a profound effect on the potency of
the ligands. This can be attributed to two reasons: (1) the 3’ hydroxyl
group of the glucose moiety of the ligands forms a hydrogen bond
with the side chain of Glu672 a hydrogen bond which cannot be
formed with the fluorine since the latter cannot act as donor in
hydrogen bond interactions and (2) the greater electronegativity
and lower polarisability of fluorine over oxygen, suppresses its
electrostatic influence and renders it a poorer hydrogen bond
acceptor.'?

2.3. The binding of compound 5 to GPb

The absence of a polar group at the 2’ position of the B-b-gluco-
pyranose ring has a dramatic effect on the potency. Thus com-
pound 5 whose only difference from 2 is the 2’ hydroxyl group of
the glucose moiety binds 140 times less tight than compound 2
and has a K; = 6.55 mM. With the exception of the interactions of
the 2’ hydroxyl group the rest of the hydrogen bond interactions
of compound 5 are similar to those of compound 2. Upon binding
compound 5 forms a total 43 van der Waals contacts with 15 res-
idues (23 non polar/polar, and 20 non polar/non polar). The struc-
tural comparison of the GPb-2 complex and the GPb-5 complex
reveals that there is a significant conformational change in the
280s loop (residues 281-287). Thus, this loop in the GPb-5 com-
plex is displaced by its position in the GPb-2 complex by approx-
imately 1 A at the positions of the Co atoms. The largest difference
is for Asp283 (1.18 A) and the smallest for Phe286 (0.44 A). This is
probably due to the different conformation of the benzoyl group in
the two compounds. The plane of the benzoyl ring is rotated by 60°
around the bond C11-C12 in 5 from its position in compound 2. As
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Figure 3. Stereo diagrams of the interactions between GPb and inhibitors 1-5 (a-e). The side chains of protein residues involved in ligand binding are shown as ball-and-stick
models. Hydrogen bond interactions between the inhibitors, protein residues, and water molecules (w) are represented as dotted lines.

a result the loop moves away to avoid any steric clashes with the
benzoyl atoms of the compound 5. This conformational change
might have an energetic cost, in addition to the loss of the hydro-
gen bonding interactions of the polar group in position 3’ of gluco-
pyranose, which can explain the lower affinity of compound 5.

2.4. Modeling

2.4.1. Free state ligand results

2.4.1.1. Compounds 1-5. As mentioned in the introduction, very
recently we have investigated a set of B-p-glucose pyrimidine
derivatives as GPb catalytic site inhibitors.> Included in this set
were U, C and 5-F-U derivatives, as for our F-substituted glucose
ligands 1, 3, and 4, respectively. The free state calculations on the
uracil derivative tautomers (U, 5-F-U)* revealed the most stable
state tautomer (Scheme 1) to be at least ~11 kcal/mol and
~8.5 kcal/mol more stable than other tautomers in gas and solu-
tion phases, respectively, using medium level B3LYP and MP2

calculations (water solvation effects were also included using the
Poisson-Boltzmann PBF model?*24). Further, the 5-F-U derivative
had an estimated pK, (7.5-8.1) implying partial ionization of its
ligand at pH ~7, but binding of the anionic form was not predicted
as favorable. All B-p-glucose derivatives of U, C and 5-F-U were
predicted to bind through their ground state tautomers. Our
crystallographic data for the F-substituted glucose form of these
ligands (vide supra) is consistent with these predictions.

The tautomeric forms of the 2 and 5 pyrimidine derivatives,
meanwhile, required analysis. In our previous work>, computation-
ally more efficient DFT B3LYP calculations of tautomeric state sta-
bilities were consistent with more expensive MP2 calculations.
Also, the 6-31+G* basis set yielded similar relative energies to
the much larger aug-cc-PVTZ basis set, particularly in the case of
the low energy tautomers. Shown in Figure 6 are the tautomeric
relative energies calculated at the B3LYP/6-31+G* level.2>~3° E
and Z conformations, as described in Figure 6, were considered
for each tautomer. With 2 and 5 having the same pyrimidine
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ASN-484

GLY-675 GLY-675

ASN-484 ASN-484

LEU-136

Fig. 3 (continued)

derivatives, replacing the glucose moieties with methyl groups There is some difference in the energetic ordering of the tau-
simplified and allowed combined analysis of 2 and 5 model tomers between gas and solution phases; tautomers are listed in
tautomers. order of increasing solution (water) phase energies in Figure 6. In
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Table 3
Potential van der Waals interactions of compounds 1-5 with GPb residues upon binding to the catalytic site
Inhibitor GPb-1 GPb-2 GPb-3 GPb-4 GPb-5
atom
2 His377 O His377 O
c3 Glu672 Oel; Gly675 N Glu672 O¢l; Gly675 N Glu672 Oel; Gly675 N Glu672 Oe¢l; Gly675 N Glu672 Oel; Gly675 N
Cc4 Gly675 N Gly675 N
Cc5 Gly135 Ca, C Gly135 Co, C; Leu136 N Gly135 Ca, C Gly135 Ca, C; Leu136 N Gly135 Ca, C; Leu136 N
Cc6 Gly135 C; Leu136 Ca, Leu139 Gly135 C; Leu136 Co; Gly135 C; Leu136 Ca; Leu139  Gly136 C; Leu136 Co; Gly135 C; Leu136 Co;
(52, His377 N&1, Cel; Asn484 His377 N&1, Cel; Asn484  C32; His377 N&1, Asn484 031  His377 N&1; Cel; Asn484  His377 N&1; Asn484 051
051 051 051
Cc7 Asn284 Cy, N82; His377 CB, C, O Asn284 Cy, 051, N&2; Asn284 Cy, 081, N&2; His377 Asn284 Cy, 0581, N&2; His377 C, O, CB
His377 CB, C, O CB,C O His377 CB, C, O
C8 Asn284 Cvy, 051, N52; Thr378 CB, Asn284 Cy, 052, N&2; Asn284 Cy, 081, N&2; His377  Asn284 Cy, 051, N&2; Asn284 Cy, 081; Thr378
Cy2 His377 CB; Thr378 Cy2 CB; Thr378 Cy2 His377 CB Cy2
c9 Leu136 C51; Asn284 N, Ca, Cy, Leu136 C81; Asn284 N, Cy, Leul36 C51; Asn284 Ca, Cy, Leu136 C81; Asn284 N, Co,, Asn284 Cy
N&2 N&2 N&2 Cy, N&2
C10 Leu136 N, CB; Asn284 N&2 Leul136 N, CB; Asn284 N32 Leul36 N, CB; Asn284 N32 Leul136 N, CB; Asn284 N&2  Leul36 CB
C11 Asn284 N, Ca Asn284 N, Co.
C12 Asn284 N, Ca Asn284 N, Co
C13 Asp283 C; Asn284 N, Ca,
C; Phe285 N; Ala383 CB
C14 Phe285 C, O; Phe286 Co, Phe285 N, C; Phe286 N,
CB; Ala383 O Coa
C15 Phe285 C, O
C16 Phe285 O Asn282 O; His341 Cel,
Ne2
C17 Asn282 0, His341 Cel His341 Cel, Ne2
04 Gly675 Ca, C Gly675 Ca, C Gly675 Ca, C Gly675 Cao, C Gly675 Ca,, C
06 His377 Cel His377 Cel His377 Cel His377 Cel His377 Cel
09 Asn284 Co Asn284 Co
010 Leu136 CB Leu136 CB Leu136 CB Gly135 Coa Leu136 CB
011 Asn284 Co; Thr378 Cy2; Asn284 Coi; Thr378 Cy2;
Ala 383 CB Ala383 CB
N1 Asn284 N&2 Asn284 N2
N2 Leu136 CB Leu136 CB Asn284 N32
N4 Asn284 Co
F3 Glu672 O¢l Glu672 O¢l Glu672 O¢l Glu672 O¢l Glu672 O¢l
F8 Thr378 Cy2
Total 35 contacts 55 contacts 34 contacts 37 contacts 44 contacts

(9 residues) (12 residues)

(9 residues)

(8 residues) (15 residues)

Figure 4. Structural comparisons of the ligand molecules are shown in color; 1
green, 2 yellow, 3 cyan, 4 orange, 5 pink, and NAG red.

OH; F; Cl; Br; SH;
CCH; NH2; NH3";
NHMe

7 R=X

Figure 5. o-p-Glucose with various 3’ position R group substitutions as potential
GPb inhibitors studied via computation in this work.

solution, the most stable tautomer (t) model (m) is 2/5-m-t1-E, the
amide form of the ligand in an E conformation. The E conformation
of t2 (2/5-m-t2-E), the N(3) protonated tautomer, is just 3.6 kcal/
mol higher in energy. It is also the E forms of 2 and 5 that are
bound to GPb in the crystal structures. In the gas phase, however,
the Z form of t2 (2/5-m-t2-Z) allowing formation of an intramolec-
ular hydrogen bond between N4(H) and the amide carbonyl O is
the most favored by about 2 kcal/mol over the preferred solution
phase structure (2/5-m-t1-E). Hence, while a more extended form
of the ligand is preferred in solution, in the gas phase structures
with more favorable intramolecular contacts are preferred. The en-
ergy differences between tautomer models t1 and t2 are small.
Shown in Figure 7 are the highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbitals of 2/5-m-t1-E. Using a
Frontier orbital approach, the HOMO with mainly ¢-bonding char-
acter and a large magnitude above and below N4, highlights the
affinity for H* migration from N5 to form 2/5-m-t2-E. Further,
the stability of tautomers/conformations seems to be related to
the ‘amide’ torsion angles t11-14 presented in Figure 6, with more
planar conformations (values close to 0° or 180°) favored.

Based on the free state model calculations, the low-lying pyrim-
idine derivative tautomers (within ~5 kcal/mol of each other) 2/5-
m-t1-E, 2/5-m-t1-Z, 2/5-m-t2-E and 2/5-m-t2-Z were isolated as
potential 2 and 5 ligand binding states at the GPb catalytic site;
tautomers/conformations of 2 and 5 based on these models were
used as input for the docking calculations.

2.4.1.2. 7_R=X ligands (3’-substituted a-p-glucose). For the
7_R=X ligands, as we were altering the basic properties of the
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Figure 6. Tautomeric models of compounds 2 and 5 and their relative energies calculated in gas (B3LYP/6-31+G*) and solution (B3LYP/6-31+G* + PBF) phases as described in
text, performed to identify the low energy tautomers. For B3LYP/6-31+G*, also shown in parentheses are the gas phase Gibbs energies at 298.15 K. E (trans) and Z (cis)
conformations of each tautomer were used with respect to the C4-N5 bond: a Z conformation in which 06 is close (‘cis’) to the uracil ring N4; and an E conformations in which
it points away (‘trans’). The dihedral angles t(1)-t(4) around the N5-C6 ‘amide’ bond for the B3LYP/6-31+G* optimized structures are also shown.

glucose moiety through the R substitutions, it was important to
check that the preferred unsubstituted o-p-glucose conformation,
an ‘equatorial-rich chair’, would remain intact. Conformational
searches for eight of the nine 7_R=X ligands revealed no change
in ring conformation. However, in the case of 7_R=CCH, the con-
formational searches revealed ‘equatorial-rich’ and ‘axial rich’ glu-

cose conformations as the most stable for the mmrrs>' and OPLS-AA
(2005)*? force fields, respectively. The ‘equatorial-rich’ conforma-
tion was confirmed via DFT optimizations of both conformations,
2.4 kcal/mol and 2.7 kcal/mol more stable in gas (B3LYP/6-31G™)
and solution (B3LYP/6-31G*+PBF) phases at the levels of theory
used?>-3°, respectively.
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Figure 7. Highest occupied (HOMO; left) and lowest unoccupied (LUMO; right)
molecular orbitals of 2/5-m-t1-E for the B3LYP/6-31+G* optimized structures.

2.4.2. Docking and QM/MM results

2.4.2.1. 2 and 5 binding. To probe the favorable binding states
of ligands 2 and 5, Glide-XP'81933 native receptor docking calcula-
tions of the low-lying ligand tautomers/conformations (based on
the free state calculations) were performed. Using the top-ranked
docking poses, QM/MM calculations were used to determine relative
complex energies for the tautomeric complexes, as well as the bind-
ing energies AEping. The results of the docking and QM/MM calcula-
tions are shown in Table 4. For the Glide-XP docking, compound 2
was predicted to have a much better binding affinity than 5 as
judged by the docking GlideScores, consistent with the Kkinetics
results and highlighting the importance of the 2’-OH glucose substi-
tuent. RMSDs between the top-ranked Glide-XP poses of each ligand
tautomer (E conformation) and their crystallographic conformations
were in all cases approximately <0.3 A (Table S1) but due to the
small differences for different tautomers cannot be used to distin-
guish the favored ligand binding form.?

Tautomers for compounds 2 and 5 were initially scored in their
crystallographic E conformation positions (‘score-in-place’), using
the Glide-SP scoring function®?, with scores for tautomer 2 in both
cases (2-t2 and 5-t2) slightly better (~0.2 GS units). For compound
5, Glide-XP docking convincingly predicted tautomer 1 (5-t1) bind-
ing with scores at least 1.5 GS units better than tautomer 2. How-
ever, Glide-XP in ‘retain’ amide conformation mode, incorrectly
predicted binding of tautomer 1 in a Z conformation. The QM/M re-
sults also supported the binding of 5 through tautomer 1, with the
GPb-5-t1 complex energy 46.1 kcal/mol more stable and AE-
pind = —88.1 kcal/mol compared to —45.8 kcal/mol for 5-t2 at the
level of theory/approximations used. The larger than expected
energies can be associated mainly with the rigid receptor approx-
imation used; however, use of the crystal structure conformation
allowed us to calculate which tautomer/conformation fit best to
the experimental receptor structure. For compound 2 docking,
the Glide-XP results are conflicting depending on whether amide
non-planar conformations are ‘penalized’ or the ‘retain’ amide con-
formation option is used in the Glide-XP docking. When penalize is
used, 2-t2 binding in E conformation is predicted (GS=-12.91)
and 2-t1 can only bind in its Z conformation, which is not the crys-
tallographic conformation. However, in ‘retain’ amide docking
mode, the E conformation of tautomer 1 is preferred (2-t1). The
QM/MM results served to resolve the discrepancy, and revealed
the GPb-2-t2 optimized complex to be 20.6 kcal/mol more stable
and AEping = —75.6 kcal/mol compared to —52.3 kcal/mol for 5-t1.
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Table 5

Top-ranked docking GlideScores (GSs) for 3'(equatorial)-substituted glucose deriva-
tives using Glide-XP and QPLD(SP-XP) methods. None of the substitutions were
predicted to improve ligand binding affinity towards GPb inhibition

Glucose 3’ With (without) ligand geometric constraints®
Substituent Glide-XP QPLD(SP-XP)
-OH ~9.66 (—9.95) ~9.25 (-9.92)
-F —7.81 (—6.92% —7.78 (-7.97)
-al —7.40 (—8.48) —7.84 (-8.20)
-Br ~7.58 (—8.01) ~8.20 (—8.57)
-SH —6.78 (—6.42*) —7.69 (—8.70)
—-CCH NP (—6.45%) NP (—6.76)

-NH, —8.31(-8.93) —8.73 (—9.83)
—NH;* —7.69 (—9.05%) —8.69* (-9.54*%)

2 GlideScores from docking without glucose ring positional constraints are given
in parentheses (). Ligand poses which differ from the native glucose (-OH sub-
stituent) orientation in the PDB: 2GPB X-ray structure are highlighted in italics and
by an asterisk *.
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SiteMap -0.31 -0.32 -0.33 -0.32 -0.34 -0.29 -0.11
LowMW 05 -05 -05 05 -05 -05 -05
RotPenal 015 0.21 018 013 0.18 0.2 0.27
GScore 992 -983 -87 -857 -82 -7.97 -6.76

Figure 8. Breakdown of the QPLD(SP-XP) docking GlideScores (GSs) into their
individual XP term contributions for docking of a-p-glucose derivatives 7_R=X with
different 3’ equatorial substituents (cf. Fig. 5). Clear from the plot is that binding is
dominated by the hydrogen bond contributions.

The predicted binding of 2 in its 2-t2 form and 5 in 5-t1 form is
consistent with the GPb conformations in the co-crystallized com-
plexes. In the 2-GPb complex, the carboxylate of the side chain of
D283 points towards the ligand where it can form a hydrogen bond
with N4(H) of 2-t2, while in the GPb-5 complex, the D283 carbox-
ylate points away from the unprotonated form of N4 (5-t2) and the
ligand carbonyl O reducing repulsive effects.

Table 4
Results of the Glide-XP native docking calculations for ligands 2 and 5, and the subsequent QM/MM calculations using the top-ranked (E conformation) docking poses as described
in text
Ligand Tautomer Glide docking method (top-ranked pose GlideScore) QM/MM energies (kcal/mol)
SP (score-in-place) XP (penalize) XP (retain) Relative complex energies AEping
2 2-t1 -10.33 ~11.98 (2) ~12.40 (E) 20.6 523
2-t2 -10.56 ~12.91 (E) ~11.67 (E) 0.0 ~75.6
5 5-t1 -9.38 -10.62 (E) -10.77 (2) 0.0 —-88.1
5-12 ~9.54 —8.65 (E) —9.21 (E) 46.1 —4538
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2.4.2.2.7_R=Xligands. On comparing the Glide-XP and QPLD
(SP-XP) top-ranked a-p-glucose ligand docking poses with the li-
gand’s crystallographic conformation on redocking to its native
receptor (PDB ID: 2GPB), the RMSD (heavy atoms) were only
<0.2 A for in-place comparisons and <0.1 A after superimposition
(Table S2), a preliminary validation of the docking methods used.
The Glide docking algorithm and scoring function was previously
shown to accurately reproduce the finer details of B-p-glucose moi-
ety binding at the GPb catalytic site.>* The results of the docking
calculations for the 7_R=X ligands, where X represents the differ-
ent 3’ substituents (equatorial position), are shown in Table 5 and
Figure 8. The key result, consistently reproduced by each method,
is that none of the 3’-substitutions for ~OH in a-p-glucose are pre-
dicted to improve the binding affinity. The docking without con-
straints (cf. Materials and methods) generally led to better
docking scores and although the glucose rings of each ligand retain
their free state equatorial rich conformations in the bound state, in
a few cases mainly for Glide-XP docking, the docking poses do not
match the native o-p-glucose orientation in the cavity of the GPb
catalytic site (highlighted by an asterisk * in Table 5). For
QPLD(SP-XP) docking, only with substituent —NH," does this oc-
cur. From Figure 8, it is clear that the dominating term is the
hydrogen bonding contribution, all other terms having relatively
similar contributions in comparison for the different substituents.
The best performer (highest scoring) of the ~OH substitutes was
7_R=NH2, the -NH2 which like OH can act as both a hydrogen
bond donor and acceptor. Meanwhile, the -F substituent (7_R=F)
score is in line with the kinetic results reported above for a coun-
terproductive effect on ligand binding affinities. Its inability to act
as both a hydrogen bond donor and acceptor has to be cited in this
regard. Of the halide substituents (F, Cl, Br), docking predicted the
least electronegative and larger Br atom substitution to be better
with respect to favorable hydrogen bonding contributions and
overall GPb inhibition.

3. Conclusions

In Figure 4, we compare the binding of 1-5 and NAG within the
catalytic site of GPb. The positions of the glucosyl components of
1-5 are similar, while the largest difference (compared to NAG)
is in the amide N1 positions, a difference that might reflect the ab-
sence of a hydrogen bond between N1 and main-chain O of His377
in 1-5. In conclusion, five novel 3’-fluorinated derivatives of B-p-
glucopyranosylamine, with polar substituents in the amide N1 of
the lead compound NAG, were studied for binding at GPb. Com-
pound 2 is the best inhibitor with a K; similar to that of NAG. All
five derivatives form direct and water-mediated hydrogen bonds
and extensive van der Waals interactions with residues of the
280s loop (Asp283 and Asn284), the glycine helix (Gly134 and
Gly137), Glu88, Asp339, and His341. These interactions provide a
rationale for their potency to inhibit GPb activity. In contrast to
some previously reported B-p-glucopyranose analogue inhibitors
of GP5735737 that bind to the catalytic site, compounds 1-5 do
not exploit the hydrogen bonding interaction between the ligand
amide nitrogen and the main-chain carbonyl O of His377 since
the amide nitrogen does not have a hydrogen. This interaction is
an essential feature for the tight binding of NAG (K; = 32 uM), con-
tributing approximately 1.1 kcal/mol to the binding energy.” The
fluorine substitution in the 3’ position of the glucose moiety did
not affected the structural mode of binding although it has a sub-
stantial effect on the potency since it increased more than 500
times the K; values of compounds 1 and 3 with respect to NAG.
An 100 times increase in the K; value with respect to that of glucose
has been reported for 3-fluoro-3-deoxy-p-glucose.!? The hydrogen
bond of the 3’ glucose hydroxyl with Glu672 OE1, Ser674 N and

Gly675 N cannot be formed with fluorine since it cannot act as a
hydrogen donor while it is a rather weak hydrogen acceptor. For
3-fluoro-3-deoxy-p-glucose this resulted in a loss of 2.7-3.2 kcal/
mol of binding energy'® and it seems that the same applies for
compounds 1-5, although it is more profound for compounds 1,
3, 4, and 5 than for 2. In the case of compound 2 it seems that
the interactions of the N1 substituent group can counteract the loss
of the binding energy caused by the replacement of the 3’ hydroxyl
in the glycopyranose ring by fluorine.

The present study has demonstrated that the novel analogues
1-5 are competitive inhibitors of muscle glycogen phosphorylase
albeit with moderate affinity. However, preliminary results with
human liver glycogen phosphorylase have shown that compound
2 displays an ICsq value of 250 uM. Further work is currently in
progress to examine modified analogues with greater potency for
the catalytic site of the enzyme.

Binding calculations using docking and QM/MM methods were
performed and revealed a preference for the binding of compound
5 through tautomer 5-t1. In the case of ligand 2, the QM/MM cal-
culations predicted the slightly higher energy of the 2-t2 tautomer
to bind more efficiently to the receptor conformation from the
GPb-2 complex in the crystal. This result was reproduced by
Glide-XP docking in ‘penalize’ non-planar amide mode, but not ‘re-
tain’ amide conformation mode; ligand model free state calcula-
tion results also showed a relation between stabilities and the
dihedrals around N5-C6 (planarity of the ‘amides’). Binding of
compound 2 through 2-t2 and 5 through 5-t1 is consistent with
the D283 side chain carboxylate pointing towards and away from
the ligands in the GPb-2 and GPb-5 crystal structures, respec-
tively. For both 2 and 5, however, given the calculated small energy
differences between their two low energy tautomers, it is likely
that the tautomeric forms exist in equilibrium bound at the GPb
catalytic site.

Also, we have investigated via docking calculations the poten-
tial of different 3’-substitutions (equatorial position) of a-p-glu-
cose for future GPb inhibitor design. None of the substitutions
were predicted to improve the potency over a-p-glucose and its
native 3’-OH substituent. The binding of the a-p-glucose deriva-
tives is dominated by the ability to form hydrogen bonds which
is highly rewarded in the Glide scoring function. The 3’-fluorinated
glucose analogue is less favorable in this regard in line with data
reported by Howard et al.'? On this basis, further research on glu-
cose substitutions will retain this -OH, and we are now currently
investigating the capabilities of different glucose substitutions in
the 3’ axial position, results of which will be reported in due
course.

4. Experimental section
4.1. Kinetics

Deoxy-fluoro-glucose derivatives 1-5 were synthesized using a
method previously described for the synthesis of deoxy-fluoro-glu-
cose pyrimidines.’*!* Rabbit muscle GPb was isolated, purified,
recrystallized, and assayed as described previously.® Kinetic exper-
iments were performed in the direction of glycogen synthesis in
the presence of constant concentrations of glycogen (0.2% w/v),
AMP (1 mM), various concentrations of Glc-1-P (2-20 mM) and
inhibitors, in 30 mM imidazole buffer (pH 6.8), 60 mM KCl,
0.6 mM dithiothreitol, 0.6 mM EDTA.”

4.2. X-ray crystallography

Structural studies of the protein-inhibitor complexes were per-
formed by diffusing the inhibitors to native T state GPb crystals,
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grown as described previously.® Soaking conditions are shown in
Table 1. X-ray diffraction data for all five inhibitor complexes were
collected from single crystals at EMBL-Hamburg outstation (Sta-
tion X13, 4 =0.81 A). Data reduction and integration followed by
scaling and merging of the intensities obtained was performed
with the HKL suite of programs>® and intensities were transformed
to amplitudes by the program Truncate.>® Crystallographic refine-
ment of the complexes was performed by maximum-likelihood
methods using rermac.?® The starting model employed for the
refinement of the complex was the structure of the native T state
GPb determined at 1.9 A resolution (Leonidas et al., unpublished
results). Calculated 2F, — F. and F, — F. electron density maps were
visualized using the program for molecular graphics coor.! Inhib-
itor molecules were modelled using the Dundee PRODRG server
(http://davapc1l.bioch.dundee.ac.uk/programs/prodrg/) and they
were included in the refinement procedure during its final stages.
Ligand models of compounds 1-5 were fitted to the electron den-
sity maps after adjustment of their torsion angles. Alternate cycles
of manual rebuilding with coor and refinement with Rrermac im-
proved the quality of the models. Details of data processing and
refinement statistics are provided in Table 1.

The program procHeck*? was used to assess the quality of the fi-
nal structures. Analysis of the Ramachandran (¢-/) plot showed
that all residues lie in the allowed regions. Solvent accessible areas
were calculated with the program Naccess.*> Atomic coordinates
and structure factors of the five complexes have been deposited
in the Protein Data Bank, (www.pdb.org) with accession numbers
3L79, 3L7A, 3L7B, 3L7C, and 3L7D, respectively. Figures were pre-
pared with the program pymoL.*4

4.3. Modelling

4.3.1. Ligand free state calculations

To determine the important (low energy) tautomeric forms/
conformations of ligands 2 and 5, DFT optimizations using the
B3LYP?>-2” method and the 6-31+G* basis set>®-3° were performed
(B3LYP/6-31+G*). The optimizations were followed by single point
energy calculations at the optimum geometries to obtain aqueous
solution phase energies using a self-consistent reaction field (SCRF)
continuum treatment of solvation which involved accurate numer-
ical solution of the Poisson-Boltzmann (PBF) equation?3>?4 (B3LYP/
6-31+G* + PBF). For simplicity and speed, the glucose moieties of
compounds 2 and 5 were replaced a methyl group. Molecules were
prepared using the Schrédinger Maestro and the suiLb module. Two
different conformations with respect to the C4-N5 bond for each
tautomer were considered (Fig. 6).

Each of the series of 3’-substituted (equatorial position) o-p-
glucose ligands 7_R=X (Fig. 5) were initially prepared using Mae-
stro’s Buitb module and Licerep (LigPrep, version 2.2). To ensure the
R substitutions did not disrupt the integrities of the a-p-glucose
ring conformations, 1000 steps of the mixed mode Monte Carlo
Multiple Minima/Low Mode Conformational Search (Mcvm/LMcs)
algorithm® were performed. Both mmrrs®! and OPLS-AA (2005)2
force fields together with the GB/SA continuum model*® for H,0
solvation effects were used and compared. In cases where conflict-
ing results were obtained for the two force fields, calculations were
supplemented by DFT optimizations using the B3LYP/6-31G*
method?>-3%, followed by single point energy calculations at the
optimum geometries including H,O solvation effects with the
PBF method®>* (B3LYP/6-31G* + PBF).

For all DFT optimized geometries, frequency calculations were
performed to characterize the stationary points as true minima,
as well as for calculation of gas-phase Gibbs energies at 298.15 K.
All DFT calculations were performed using Jaguar version 7.5'°,
while MacroModel version 9.5'° was used for molecular mechan-
ics/Monte Carlo conformational search calculations.

4.3.2. Ligand docking details

Native docking calculations of ligands 2 and 5 to the receptors
prepared from the GPb-2 and GPb-5 complexes, respectively, were
performed. The low-lying tautomers/conformations of the ligands
based on the free state model ligand calculations were minimized
(OPLS-AA (2005)32; GB/SA for H,0%®) and used as input for docking.
Meanwhile, docking of the 7R=X ligands (Fig. 5) was performed
using the receptor prepared from the GPb-a-p-glucose complex
(PDB ID: 2GPB). Ligand input conformations came from the free
state conformational searches as outlined above.

The initial setup of the GPb receptors for docking of the ligands
was performed using Schrodingers’ ‘Protein Preparation Wizard’
starting from the Martin et al.?° GPb-o-p-glucose complex (PDB
ID: 2GPB) for 7_R=X docking, and the GPb-2 and GPb-5 crystal
complexes for 2 and 5 native docking, respectively. Bond orders
were first assigned, hydrogen atoms added and all crystallographic
water molecules deleted. The initial assignments of protonation
states for basic and acidic residues, and tautomeric states were
based on pKj at their normal pH (7.0). However, subsequent opti-
mization of hydroxyl, histidine protonation states and C/N atom
‘flips’, and side chain O/N atom ‘flips’ of Asn and GIn was based
on optimizing hydrogen bonding patterns, so that the final assign-
ments were checked on visual inspection of the protein. In partic-
ular, all final His residues were assigned as neutral, either in a HIE
or HID state. Notably, the His377 was used in a HID state which
was further validated by PDB2PQR*’ and PropKa*®° calculations
on the GPb-o-p-glucose complex. The y-phosphate in PLP was
used in its mono-anion form. Finally, ‘Impref minimizations of
the GPb complexes were performed using the OPLS-AA (2005)?
force field to remove steric clashes and bad contacts. At the end
of the minimization, the root-mean-square deviation (RMSD) of
all heavy atoms was within 0.3 A of the crystallographic positions.

Docking calculations were performed using the program cLIDE
version 5.0.'%1933 The shape and properties of the catalytic
binding-site were first mapped onto grids with dimensions of
~19.4 x 19.4 x 19.4 A centered on the a-p-glucose from the GPb-
a-p-glucose complex, and with dimensions ~26.9 x 26.9 x 26.9 A
for the GPb-2 and GPb-5 complexes, centered on the ligands 2
and 5, respectively. Docking calculations were performed in ex-
tra-precision (XP) mode with standard vdW scaling (by 0.8) of
non polar atoms applied to include modest ‘induced fit’ effects.
Ring conformational sampling was enabled in the docking of
7_R=X ligands, which was performed with/without ‘core’ con-
straints on the six glucose ring atoms. For docking of 2 and 5, both
glucose ring core constraints and positional constraints on glucose
O(H) and F atoms were used. Post-docking minimization of the
poses was performed with up to three poses per ligand state saved.
Ligand poses were considered conformationally distinct if their
RMSD (heavy atoms) was larger than 0.5 A.

Given its effectiveness in our previous studies®*°, quantum
mechanics polarized ligand docking (QPLD) was also performed
for the 1R=X ligands using electrostatic potential (ESP) fit atomic
partial charges calculated in the field of the receptor using QSite
version 5.0.'° Initial docking was performed using Glide-SP with
the final redocking using the new ESP fit charges in -XP mode
(QPLD(SP-XP)). The same general docking conditions (as described
above) were used.

4.3.3. QM/MM calculations

Predictions from the Glide-XP native docking of the tautomers
of compounds 2 and 5 were supplemented by QM/MM calcula-
tions. Gas-phase optimizations of the GPb complexes (receptor
frozen) using top-ranked Glide-XP ligand poses (E conformations)
were followed by single point energy (SPE) calculations at the
optimum geometries including water solvation effects (PBF meth-
od). The QM regions were chosen as the ligands modelled at the
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B3LYP/6-31+G* level of theory?>~3°, while the protein was mod-
elled using MM and the OPLS-AA (2005)*? force field. To calculate
AEping, the binding energy of each tautomer, MM (OPLS-AA
(2005) + PBF) and QM (B3LYP/6-31+G* + PBF) SPE calculations in
solvent?>?* were also performed for the rigid receptors (crystal
structure geometries) and the ligand tautomers, respectively. For
the ligand calculations, the free-state tautomeric conformations
were taken from B3LYP/6-31+G* optimized geometries of mmrFs
force field®! global minima from mcMm/imcs (1000 steps; GB/SA
for H,0% effects) conformational searches.*® It should be noted
that in this respect, the OPLS-AA (2005) force field did not produce
a global minimum conformation for ligand 5 consistent with the
DFT model calculation results in Figure 6. The QM, MM and hybrid
QM/MM calculations were performed using Jaguar version 7.5, Im-
pact version 5.0) and QSite version 5.0'°, respectively.
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