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Glycogen phosphorylase is a molecular target for
the design of potential hypoglycemic agents.
Structure-based design pinpointed that the 3’-posi-
tion of glucopyranose equipped with a suitable
group has the potential to form interactions with
enzyme’'s cofactor, pyridoxal 5-phosphate (PLP),
thus enhancing the inhibitory potency. Hence, we
have investigated the binding of two ligands, 1-(f-
p-glucopyranosyl)5-fluorouracil (GlcFU) and its 3'-
CH,OH glucopyranose derivative. Both ligands
were found to be low micromolar inhibitors with
K; values of 7.9 and 27.1 um, respectively. X-ray
crystallography revealed that the 3’-CH,OH
glucopyranose substituent is indeed involved in
additional molecular interactions with the PLP
y-phosphate compared with GicFU. However, it is
3.4 times less potent. To elucidate this discovery,
docking followed by postdocking Quantum
Mechanics/Molecular Mechanics - Poisson-Boltz-
mann Surface Area (QVM/NMM-PBSA) binding affin-
ity calculations were performed. While the
docking predictions failed to reflect the kinetic
results, the QNVI/MM-PBSA revealed that the desol-
vation energy cost for binding of the 3-CH,OH-
substituted glucopyranose derivative out-weigh
the enthalpy gains from the extra contacts
formed. The benefits of performing postdocking
calculations employing a more accurate solvation
model and the QVI/MM-PBSA methodology in lead
optimization are therefore highlighted, specifically

when the role of a highly polar/charged binding
interface is significant.
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Glycogen phosphorylase (GP) is a key enzyme in glycogen metabo-
lism that catalyzes the first step in the intracellular degradation of
glycogen (1). A large number of compounds have been reported to
bind at five distinct binding sites (1-3): the catalytic, the allosteric,
the new allosteric, the inhibitor and the glycogen storage site. The
efficacy of such inhibitors on blood glucose control and hepatic gly-
cogen balance has been confirmed from animal studies and in vitro
cell biology experiments (4-8) validating GP as an important target
for structure-based inhibitor design of new hypoglycemic agents for
the treatment of diabetes type 2. Furthermore, the number of pat-
ents filed by pharmaceutical and biotechnology companies targeting
GP for the discovery of novel hypoglycemic agents has been stea-
dily increasing in the last 3 years (9).

Recently, we have investigated the binding of a series of 3’-fluori-
nated pyrimidine glucopyranonucleosides to GP which proved to be
medium potency inhibitors with ICsq values ranging between 6.5 mm
and 46.4 um (10). All the 3’-glucose substituents were in the 3'-
equatorial position. The 3’ carbon of glucose is 5 A away from the
y-phosphate of pyridoxal 5”-phosphate (PLP) in the GPb-a-D-glucose
complex (11), in the direction of the 3’-axial position. Suitable sub-
stituents at the 3’-axial position have therefore the potential to
form interactions with the proximal PLP y-phosphate (a mono-anion).
Thus, building on our previous studies of modified nucleosides (10),
we report here the synthesis, biochemical evaluation and the struc-
tural mode of binding to GPb of 1-[3’-C-(hydroxymethyl})- 3-D-glucopyr-
anosyll5-fluorouracil  (5) together with that of the parental
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Table 1: The chemical structures of the inhibitors studied. The numbering scheme used is shown together with the K; values for each

inhibitor
Compound Chemical structure K (pm)
GlcFU 79+03
(0]
5 £ 271 £14
H OH
O
H/O /
HO
HO N NH
H OH
H,C.
2">0H o
F 3670°
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NH

O

“Related 1-(3’-deoxy-3’-fluoro--p-glucopyranosyl)5-fluorouracil ligand with a 3’-equatorial substitution, as reported in our previous study (10).

compound 1-{f-p-glucopyranosyl)5-fluorouracil (GlcFU) for comparison
reasons, given that its structural mode of hinding has not yet been
reported. The ligand structures are displayed in Table 1.

Molecular modeling calculations are now frequently applied in GP
inhibitor design (12). Here, Glide-XP (13) docking calculations followed
by Quantum Mechanics/Molecular Mechanics — Poisson—Boltzmann
Surface Area (QM/MM-PBSA) binding free energy (BFE) calculations
were employed to further analyze and explain our kinetics results.

Materials and Methods
Organic synthesis

General methods

Melting points were recorded on a Mel-Temp apparatus and are
uncorrected. Thin layer chromatography (TLC) was performed on
Merck precoated 60F,s, plates. Reactions were monitored by TLC on
silica gel, with detection by UV light (254 nm) or by charring with
sulfuric acid. Flash column chromatography was performed using sil-
ica gel (240-400 mesh; Merck Chemicals, Frankfurt, Germany). 'H,
'SF and "*C NMR spectra were obtained at room temperature with
a Bruker 400 spectrometer at 400, 376, and 100 MHz, respectively,
using CDCl; and methanol-d, (CD;0D) with internal tetramethylsilane
(TMS) for 'H and '3C and internal trifluoratoluene for '°F Chemical

664

shifts () were given in ppm measured downfield from TMS, and
spin—spin coupling constants are in Hz. UV-Vis spectra were
recorded on a PG T70 UV-VIS spectrometer, and mass spectra were
obtained with a Micromass Platform LC (ESI-MS). Optical rotations
were measured using an Autopol | polarimeter. Acetonitrile was dis-
tilled from calcium hydride and stored over 3E molecular sieves.

3-C-Acetoxymethyl-1,2,4,6-tetra-O-acetyl-
D-glucopyranose 3

To a solution of 2 (14,15) (2.65 g, 7.96 mmol) in MeOH (12.4 mL) and
H,0 (71.1 mL), Amberlite IR 120 (H*) resin was added and the mixture
was refluxed overnight, filtered, and evaporated to dryness. The
residual gum was then dissolved in a mixture of pyridine (20.2 mL)
and Ac,0 (10.6 mL) and the resulted mixture stirred at room tempera-
ture for 1 h. MeOH (0.40 mL) was added at 0 °C and the mixture was
concentrated under high vacuum to remove the solvents. The residue
was diluted with EtOAc and washed with saturated sodium bisulfate,
sodium bicarbonate and water. The organic extracts were dried over
anhydrous sodium sulfate, filtered, and evaporated to dryness to give
anomeric acetates 3 (1.81 g, 54%, A = 0.28 in hexane/EtOAc, 1:1)
as a yellow foam. [o]p? + 13.0 (c 0.50, CHCl5); "H NMR (CDCl3): &
6.45 and 6.04 (o d, Jyrpr = 43 Hz, 0.43H, H-1; f: d, Jiror = 9.7 Hz,
0.57H, H-1), 5.41-5.08 (m, 3H), 4.63-4.19 (m, 3H), 3.48-3.35 (m, 2H),
2.14-2.06 (m, 15H, OAc). Anal. Calcd for Cy7H2404,: C, 48.57; H, 5.75.
Found: C, 48.45; H, 5.98. ESI-MS (m/2): 421.4 (M+H").
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1-[2’,4',6'-Tri-O-acetyl-3’-C-(acetoxymethyl)-f-b-
glucopyranosyll5-fluorouracil 4

A mixture of 5-fluorouracil (0.78 g, 6.02 mmol), hexamethyldisilazane
(HMDS) (1.57 mL, 7.46 mmol), and saccharin (0.051 g, 0.28 mmol) in
dry CHsCN (21 mL) was refluxed for 30 min. 3-C-Acetoxymethyl-
1,2,4 b-tetra-C-acetyl-n-glucopyranose (3) (1.81 g, 4.30 mmol) and trim-
ethylsilyl trifluoromethanesulfonate (TMSOTf) (1.09 mL, 6.02 mmol)
were added and the reaction mixture was refluxed for 1.5 h, neutral-
ized with saturated sodium bicarbonate, and then extracted with
CH,Cl,. The organic extracts were dried over anhydrous sodium sulfate,
filtered, and evaporated to dryness. The residue was purified by flash
chromatography (hexane/EtOAc, 4:6) to give compound 4 (1.27 g,
60%, A = 0.32 in hexane/FtOAc, 4:6) as a white foam. [a]p? - 2.0 (¢
0.11, CHCIs); /max (CHCI5) 265 nm (¢ 4608). "H NMR (CDCl3): o 8.80 (br
s, 1H, NH), 754 (d, TH, Usg=59Hz, H-6), 625 (dd, 1H,
Jirr =96 Hz, Jyops = 1.6 Hz, H-1'), 520 (d, TH, Jpr1- = 9.6 Hz, H-2)),
513 (d, TH, Jys = 9.8 Hz, H-4'), 447 (d, 1H, J,pp = 11.8 Hz, H-33"),
4.33-4.26 (m, 3H, H-5", H-6a", H-6b’), 419 (d, 1H, J,p, = 11.8 Hz, H-
3b”), 3.72 (br s, 1H, OH), 2.22, 2.20, 2.13, 2.10 (4s, 12H, 40Ac). "F
NMR: 6 —65.0; Anal. Calcd for CygHasFN,Oq2: C, 46.54; H, 4.73; N,
5.71. Found: C, 46.42; H, 4.82; N, 6.03. ESI-MS (m/2): 491.4 (M+H").

1-[3’-C-(Hydroxymethyl)-$-bD-glucopyranosyl]5-
fluorouracil 5

Compound 4 (1.27 g, 2.58 mmol) was treated with ammonia/MeOH
(saturated at 0 °C, 106 mL). The solution was stirred overnight at
room temperature and then was concentrated under reduced pres-
sure to give compound 5 (0.75 g, 90%, R =02 in EtOAc/MeOH,
9:1) as a white foam. [o]p? + 2.0 (¢ 0.17, MeOH); Amax (MeOH)
266 nm (¢ 1910); 'H NMR (CD30D): & 7.94 (d, TH, Jrsg = 6.7 Hz, H-
6), 6.01 (dd, 1H, Jy» = 9.6 Hz, Jy-p5 = 1.7 Hz, H-17), 3.91-3.88 (m,
TH, H-5"), 3.82 (dd, 2H, J,p, = 12.1 Hz, H-3”), 3.74-3.66 (m, 2H, H-
2, H-4"), 363-369 (m, 2H, H-6a’, H-60")."°C NMR (CD;0D): &
158.30, 150.89, 140.23, 128.35, 82.15, 76.56, 75.57, 71.03, 62.52,
61.69, 58.05. "°F NMR: & —64.3; Anal. Calcd for CqiHqsFN,Og: C,
41.00; H, 4.69; N, 8.69. Found: C, 40.74; H, 4.82; N, 8.85. ESI-MS
(m/2): 323.3 (M+H").

Enzyme isolation and kinetic experiments
Glycogen phosphorylase (GPb) was isolated from rabbit skeletal
muscle and purified as described previously (16). Kinetic studies
were performed in the direction of glycogen synthesis with
5 ug/mL enzyme, constant concentrations of glycogen (0.2% w/v),
AMP (1 mm), and Glc-1-P (2, 4, 6, 10 and 20 mm) and various con-
centrations of inhibitors in a buffer of 30 mm imidazole/HCI (pH
6.8) containing 60 mm KCI, 0.6 mm EDTA, and 0.6 mm dithiothreitol.
Enzyme activity was measured at pH 6.8 by the release of inorganic
phosphate as previously described (10).

X-ray crystallography

GPb crystals, grown in the tetragonal lattice, space group P452,2,
as previously described(10) were soaked with 2 mm of GlcFU, or
of 5 in a solution of the crystallization media 2.0 h prior to data
collection. Diffraction data were collected using a hi-flux Cu X-ray
microfocus source (Oxford Diffraction SuperNova Oxford, U.K)
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equipped with a 4 kappa goniometer and the ATLAS CCD
(135 mm) detector at room temperature. Crystal orientation, inte-
gration of reflections, inter-frame scaling, and partial reflection
summation were performed by the program Crysalis (17). Data
reduction and integration followed by scaling and merging of the
intensities obtained were performed with the program SCALA of
the CCP4 suite of programs (18). Crystallographic refinement of
the complexes was performed by maximum-likelihood methods
using REFMAC (18). The starting model employed for the refine-
ment of the complexes was the structure of the native T state
GPb complex determined at 19 A resolution (Leonidas, D.D.,
Skamnaki, V.T., Zographos, S.E., Johnson, L.N., and Oikonomakos,
N.G. et al, unpublished results). Ligand models were constructed
using the PRODRG server (19) and they were fitted to the electron
density maps after adjustment of their torsion angles. Alternate
cycles of manual rebuilding with the molecular graphics program
coot (20) and refinement with REFMAC (21) improved the quality
of the models. The stereochemistry of the protein residues was
validated by MolProbity (22). Hydrogen bonds and van der Waals
interactions were calculated with the program CONTACT as imple-
mented in CCP4 (18) applying a distance cut-off of 3.3 and 4.0 A,
respectively. Protein structures were superimposed using LSQKAB
as implemented in CCP4 (18). Figures were prepared with the pro-
grams MoLScripT (23) and PyMoL (24). The coordinates of the new
structures have been deposited with the RCSB Protein Data Bank
(http://www.rcsb.org/pdb) with codes presented in Table 1.

Computational details

Protein preparation

The initial setup of the GPb receptor for calculations was performed
using Schrodingers' 'Protein Preparation Wizard' (13) starting from
the GPb-5 complex. Water molecules within 5 A of the ligand were
retained for the protein preparation to account for their influence on
the hydrogen bonding network, but deleted for the subsequent dock-
ing and QM/MM-PBSA calculations. Bond orders were assigned and
hydrogen atoms added, with protonation states for basic and acidic
residues based on residue pKa's at normal pH (7.0). However, subse-
quent optimization 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
assignments were checked on visual inspection of the protein. In
particular, all final His residues were assigned as neutral, either in a
HIE (hydrogen on epsilon nitrogen) or in a HID (hydrogen on delta
nitrogen) state. Notably, the His377 was used in a HID state which
we have previously validated (10) using PDB2PQR (25) and PropKa
(26) calculations. The y-phosphate in PLP was assigned mono-anion
form. Finally, an 'Impref' minimization of the GPb complex was per-
formed using the OPLS-AA (2005) force field to remove steric clashes
and bad contacts. At the end of the minimization, the RMSD of all
heavy atoms was within 0.3 A of the crystallographic positions.

Ligand preparation

The ligands GlcFU and 5 were extracted from their respective crys-
tal structure complexes and prepared for calculations using Maestro
and LigPrep (13).
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Docking Calculations

Flexible ligand docking calculations of GlcFU and 5 to the 'prepared'
GPb structure were performed using the program Glide version
5.0(13). The shape and properties of the GPb catalytic binding-site
were first  mapped onto grids with dimensions  of
~218 A x 218 A x 21.8 A centered on the native ligand. Docking
calculations were performed in extra-precision (XP) mode with stan-
dard van der Waals scaling (by 0.8) of non-polar ligand atoms. Core
constraints on the six glucose ring atoms were used together with
positional constraints on the hydroxyl oxygens of glucose and car-
bonyl oxygen of the uracil moiety. Such constraints were applied
given their effectiveness for improving accuracy in previous work
(10,12,27). Postdocking minimization of the ligand poses was per-
formed with the poses considered conformationally distinct if their
RMSD (heavy atoms) was larger than 0.5 A

QNM/MM-PBSA calculations

Ligand BFEs were calculated using the QM/MM-PBSA method.
QM/MM-PBSA is based on the traditional MM-PB(GB)SA approach
(28) where the free energy of each state (receptor, ligand and com-
plex) is estimated using eqn 1.

G= <EMM> + <Gsolv> - T<SMM> (1)

Ewnv and Sym represent the total molecular mechanics (internal,
electrostatic, and van der Waals) energy and an entropy estimate,
respectively; Gg, the solvation free energy. The terms in eqn 1 are
normally averages obtained over molecular dynamics (MD) trajecto-
ries, although recently the effectiveness of alternatively using
selected or single binding conformations (which is less computation-
ally demanding) has been highlighted (29-32). It is hoped, therefore,
that use of QM/MM-PBSA as a postdocking method may show
similar success; it should be noted also in this regard that use of
experimental type geometries (as determined by our RMSDs to the
crystallographic ligand binding conformations) further increases the
probability for successful predictions. So, in the QM/MM-PBSA
approach used here, the (single) docking poses rather than MD
snapshots are used, and the Eyw term is effectively replaced by
the gas phase QM/MM energy:

G="FEqmmm + Gsoly — TSwm (2)

Binding free energies were then estimated as the difference in
energies between the bound and unbound states of the protein—
ligand complexes using eqn 3:

AGying = Abquimm + AGsoly — TASu (3)
DFT with the B3LYP functional (33) and 6-31 + G* basis set (34)
was used for the QM region, the ligands, while the GPb protein
was described using MM with the OPLS-AA(2005) force field and
without employing a non-bonded cut-off. The default solute (inter-
nal) dielectric constant of 1.0 was used. The MM region polarizes
the QM region, where interactions between the QM and MM
regions include electrostatic effects between the MM point charges
and the QM wavefunction, and van der Waals terms between QM
and MM atoms (35). Bulk solvation effects were accounted for

666

using PBSA (36). Solving the Poisson—-Boltzmann (PB) equation
exploiting the quantum mechanics charge density for the QM region
should in theory lead to more accurate predictions. The AGgy, term
can be further decomposed:

AGoy, = AGE" + AGYY (4)

where AGS" accounts for the polar contributions, and AGS)" the
non-polar contributions proportional to changes in the solvent
accessible surface areas. The latter term includes the cost of form-
ing a cavity in solution, the attractive dispersion and solvent-struc-
ture perturbation (37). Hence, the entropy change of the solvent on
ligand binding is included in the AG%%V term, although part of the

entropy is also hidden in the AGp' term via the temperature

dependence of the dielectric constant (38). AGE,%"’, however, is pre-
dominantly (electrostatic) solvation enthalpy effects. Meanwhile, the
solute entropy contribution, ASyw in eqn 3, was calculated using
Rigid Rotor Harmonic Oscillator calculations (default options) with
MacroModel 9.9 (13) and the OPLS-AA(2005) forcefield; using this
algorithm, the change in vibrational, rotational and translational

entropy of the ligands on binding was estimated and included.

For the QM/MM-PBSA calculations, the Glide-XP docking poses
were used directly but also, for comparison, the relaxed poses fol-
lowing QM/MM gas phase optimizations. In the optimizations, the
ligands (QM region) were free but the GPb receptor (MM region)
held rigid (frozen). However, we also probed the effect of including
a small flexible region in the protein, residues within 4 A of the
ligands allowed to be free in the optimizations. As before,
B3LYP/6-31 + G* (33) and OPLS-AA(2005) were used for QM and
MM regions, respectively. All QM/MM and QM/MM-PBSA calcula-
tions were performed using QSITe 5.7. (13)

Results and Discussion

Organic Synthesis

The synthesis of GlcFU has been described previously (39). Our syn-
thetic strategy to the target 3’-C-hydroxymethyl nucleoside analogue
was first to synthesize the suitable glycosyl donor as the key intermedi-
ate and then to carry out a condensation reaction with the nucleosidic
base. Synthesis of the glycosyl donor 3-C-acetoxymethyl-1,2,4,6-tetra-
O-acetyl-p-glucopyranose (3) is depicted in Scheme 1.

1,2:5,6-Di- C-isopropylidene-3-deoxy-3-methylene-p-glucofuranose (1)
(40) was converted to the monoacetyl ether 2 by stereoselective
cis-dihydroxylation using catalytic amount of osmium (VIII) oxide and
N-methyl morpholine-N-oxide (14) and subsequent acetylation of the
primary hydroxyl group of resulting diol (15). Hydrolysis of 3-C-
branched derivative 2 using Amberlite IR 120 (H*) resin in MeOH
followed by subsequent treatment with Ac,0 in pyridine afforded a
mixture of the anomeric acetates 3 (ratio of « to f anomer,
0.43:0.57). Condensation of the anomeric mixture 3 with per-0-sily-
lated 5-fluorouracil using trimethylsilyl trifluoromethanesulfonate
(TMSOTH) as the catalyst in acetonitrile (41) gave exclusively, due to
the participation of 2’-acetoxy group, the protected f-nucleoside
analogue 4, in 60% vyield. Finally, remaval of all O-acetyl protecting
groups of 4 with saturated methanolic ammonia afforded the target

Chem Biol Drug Des 2012; 79: 663-673
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Scheme 1: (i) (A) H,0, MeOH, Amberlite IR 120(H*); (B) Ac,0, pyridine; (ii) silylated 5-fluorouracil, TMSOTf, dry CHsCN; (i) ammo-

nia/MeOH.

1-[3’-C-(hydroxymethyl)- 3-D-glucopyranosyl]5-fluorouracil (5), in quan-
titative yield (90%).

All new compounds were well-characterized by NMR and UV spec-
troscopy, mass spectrometry, and elemental analysis. The structure
elucidation of the newly synthesized 1-[2".4",6"-tri-O-acetyl-3'-C-
(acetoxymethyl)- 8-p-glucopyranosyl]5-fluorouracil (4), was made on
the basis of its spectroscopic data. Therefore, in the "H NMR spec-
trum of 4, proton H-1" shows a large coupling with H-2
(Ji-2> = 9.6 Hz) indicating an axial orientation of both protons and
thus an equatorially oriented 5-fluorouracil ring, as it was expected.
The proposed structure for the novel 3’-C-branched nucleoside was
further supported by NOE measurements performed on compound 4
as depicted in Figure S1 in the supplementary section. The mutual
NOE enhancements observed between axial H-1” with both H-3a”
and H-3b” of the acetoxymethyl moiety show that these protons
are at the same side of the plane. Similarly, the significant mutual
NOE enhancements that exhibited the axial H-2” with H-4", equato-
rial 3-OH, and H-6 proton of the base moiety offer further evidence
of their close proximity. Finally, the lack of any essential increase in
H-5" and H-6 upon saturation of H-1” is also in accordance with the
proposed structure.

Enzyme kinetics

Calorimetric measurements (42) have shown that the binding of glu-
cose to free GPb is accompanied by an exothermic change of
—6.3 £ 0.5 kcal/mol corresponding to an average dissociation con-
stant of 1.0 mm. Since the K; for glucose is 1.7 mm (43), this sug-
gests that K and K, are approximately the same for glucose
interactions with the enzyme. Thus, in comparative studies, differ-
ences in K; values for closely related compounds are likely to be
directly related to differences in binding energy. The inhibitory effi-
ciency of the two compounds, GlcFU and 5, was tested in kinetic
experiments with rabbit muscle glycogen phosphorylase b (GPb) in
the direction of glycogen synthesis. Both compounds displayed com-
petitive inhibition with respect to Glc-1-P at constant concentrations
of glycogen (Figure 1) and their inhibitory constants (K) were
determined 7.9 + 0.3 and 27.1 + 1.4 pm, respectively. A K; value of
5.5 + 0.4 um has been also recently reported (44) for GlcFU which
is consistent with the one reported here, given that they have been
measured in different enzyme preparations [Kj, values for the sub-
strate Glc-1-P have been reported in the range between 1 and
3 mm (45)]. Both compounds are significantly more potent than o-D-
glucose (K = 1.7 mm) (43) possibly because of the additional inter-
actions of the uracil group with the protein residues (10). Further-
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Figure 1: Lineweaver-Burk plots for the inhibition of GPb by 5

(A) and GIcFU (B) at varying concentrations of Glc-1-P. Inhibitor con-

centrations were as follows: 0 (O), 15 (@) 30 () and 50 v (m)

for compound 5 and 0 (O), 10 (@) 20 (1) and 40 pm (m) for GlcFU.

Insets: Plots of Kmapp versus inhibitor concentration.

more, they both are considerably more potent than 1-(3’-deoxy-3’-
fluoro- B-p-glucopyranosyl)5-fluorouracil ~ (Table 1,  Ki = 3.67 mwm)
reported in our previous study (10) and other fluorodeoxy glucose
derivatives which have K values in the mm range (46,47). This can
be attributed to the presence of a hydroxyl group rather a fluoride
at the 3-equatorial position. However, the addition of a hydroxymethyl
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group to the glucopyranose ring at the axial position (compound 5)
did not improve the potency of GlcFU since the latter has a K; value
3.4 times lower than 5.

Structural studies

In order to elucidate the structural basis of inhibition and most
importantly the relatively significant difference in inhibition con-
stants, we have determined the crystal structures of GPb in com-
plex with 5 and GIcFU. A summary of the data processing and
refinement statistics for the inhibitor complex structures is given in
Table 2. The 2mFo-DFc and mFo-DFc electron density maps clearly
defined the position of each atom of the inhibitors (Figure 2) and
specifically showed that both compounds were bound at the cata-
lytic site. Both inhibitors bind similarly at the active site with the
glucopyranose and fluorouracil moieties forming a network of hydro-
gen bonds and van der Walls interactions with protein residues
(Figure 3, Tables S1 and S2) analogous to those observed for other
glucopyranose derivatives (1) and the related 1-(3"-deoxy-3’-fluoro-
p-b-glucopyranosyl)5-fluorouracil (10) in the active site of the
enzyme. In addition to these interactions, the 3’-hydroxymethyl
group of 5 is in hydrogen bonding distance from 02P of PLP and
involved in a water-mediated interaction with 03P (Figure 3B,
Table S1). Furthermore, this group is involved in polar—polar and
non-polar—polar van der Waals interactions with the y-phosphate of
PLP (Table S2). Structural comparison of the parent GPb-GlcFU and
GPb-5 complexes reveals that the presence of the 3’-hydroxymethyl
displaces one of the conserved water molecules (1) from the active
site which mediates interactions between the y-phosphate of PLP
and the side chain of Glu672. Hence, structure activity relationship
(SAR) analysis cannot account for the differences in potencies
between GIcFU and 5. On the contrary, it highlights favorable extra

Table 2: Summary of the diffraction data processing, refinement,
and protein—ligand interactions statistics for GPb — inhibitor com-
plexes

Compound 5 GlcFU
Resolution (A) 13.9-2.40 13.9-2.40
Outermost shell (A) 253-2.40 2.53-2.40
Reflections measured 179466 178067
Unique reflections 38290 36858
Multiplicity 4.7 (3.1) 4.8 (3.4)
Rrnerge 0.083 (0.489) 0.110 (0.497)
Completeness (%) 99.8 (98.8) 95.7 (89.4)
<l/al> 14.9 (2.1) 11.5(2.0)
Roryst 0.17 (0.23) 0.18 (0.23)
Riree 0.22 (0.25) 0.22 (0.27)
No of solvent molecules 246 206
R.m.s. deviation from ideality

In bond lengths (A) 0.011 0.012

In angles (°) 13 1.3
Average B factor

Protein atoms (A?) 27.3 233

Solvent molecules (A?) 29.9 243

Ligand atoms (A?%) 17.7 12,6

Ramachandran outliers (%) 0 0

Ramachandran favored (%) 97.6 97.9

PDB code 3SYM 3SYR
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contacts with GPb for 5. A more thorough energetic analysis of the
ligand binding process was thus required and was realized by dock-
ing calculations followed by theoretically more thorough QM/MM-
PBSA BFE calculations, where the binding contributions can be
decomposed into insightful interaction and desolvation components.

Human liver GPb and rabbit muscle GPb active sites are identical in
amino acid sequence and structural architecture. Structural compari-
son between the crystal structures of rabbit muscle GPb-5 and
human liver GPb-GIcNAc (48) complexes revealed an rmsd of 1.06 A
(all residues, all atoms) and an rmsd value for the active site resi-
dues of 0.84 A (all atoms). Hence, it seems that there are not any
differences that may impact the binding of these ligands toward
their putative use as human liver GP inhibitors.

Computational results

Docking

Glide-XP docking calculations were performed to investigate the
source of the greater binding affinity of GlcFU compared with 5,
results of which are shown in Table 3. Only one pose per ligand
was obtained. The docking poses accurately reproduced the
reported ligand crystallographic conformations, although the docking
constraints dictated this to some degree. RMSDs were calculated
for the ligand heavy atoms 'in-place’ with just the receptors super-
imposed (native and docking receptor), but also for the ligands
superimposed. For GIcFU, the predicted docking pose revealed 'in-
place' and superimposed ligand RMSDs (heavy atoms) compared
with the crystallographic conformation of 0530 and 0.221 A,
respectively, while for B, the corresponding values were 0.518 and
0.268 A, respectively.

With respect to the Glide-XP scoring, the performance of Glide-
Score, CvdW and Emadel scoring functions was compared. How-
ever, all three scoring function predicted 5 to be more potent than
GlcFU in disagreement with our kinetics results. Numerous reasons
can be given for docking failure. In the current case, it appears that
given the nature of the additional interactions formed by 5 which
is absent in the GlcFU complex (notably direct interactions with the
y-phosphate anion in PLP which by necessity involve some desolva-
tion effects) that a more accurate model of solvation is necessary.
QM/MM-PBSA BFE calculations exploiting the predicted docking
poses were therefore performed.

QN/MM-PBSA calculations

QM/MM-PBSA calculation of hinding affinities is a relatively new
method based on the parent MM-GB(PB)SA approach (28) and to
date has produced promising results (49-53). It has major applica-
tions in areas where standard force field-based methods may fail.
For example, description of ligands using QM eliminates the
problem of unparametrized or poorly parametrized ligands. Further,
postprocessing of ligand poses using implicit solvation models such
as PBSA and exploiting the theoretically rigorous PB method for
polar (electrostatic) solvation energy contributions provides a more
accurate description of solvation than the approximate methods
typically used in docking (32,54).

Chem Biol Drug Des 2012; 79: 663-673



Binding of Glucopyranosyl Derivatives to GP

"hil VA AY, IRva74
i’j\ié‘p;. o, ' E'l‘l{ v
A *:‘-E'.’ 7

) -’ .
?z-if'#-’

Figure 2: A Refmac 2mFo-DFc electron density maps of GlcFU (A) and 5 (B) bound at the enzyme catalytic site. The maps are contoured
at 1.00 level before the inclusion of the ligand molecule in the refinement process.
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Figure 3: Stereo diagram showing the network of interactions formed between inhibitor GlcFU (A) and 5 (B) with residues at active site
of GPb. Hydrogen bond interactions are represented as dotted lines and water molecules as black spheres.

The results of the QM/MM-PBSA calculations are tabulated in eqn 3. The AGg, values are further decomposed into AGS"'v and
Table 4 where contributions to the predicted BFEs (AGyg) are bro- AGSU'v contributions according to eqn 4. Results are given for the
ken down into the components Afqm, mm. AGson, and TASyw from GIide-XP docking poses and, for comparison, the corresponding
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Table 3: Results of the Glide-XP docking calculations®

Ligand RMSD ‘in-place’ (superimposed)’ GS CvdW (kcal/mol) Emodel Exp AGying (kcal/mol)®
GleFU 0.530 (0.221) -12.35 —65.1 -979 -7.00
5 0.518 (0.268) -12.93 =721 -113.4 —6.27

0ne docking pose was obtained for each ligand. The docking scores for the poses with three different scoring functions are compared: GlideScore (GS), a
modified Coulomb — van der Waals (CvdW) interaction energy score that is formulated to avoid overly rewarding charge—charge interactions at the expense of
charge—dipole and dipole—dipole interactions, and Emodel which combines GS, the interaction energy and excess internal energy of the ligand pose.

PRMSDs (heavy atoms) in A ‘in-place’ and superimposed between the ligand docking poses and their crystallographic conformations (3SYR for GlcFU; 3SYM for
5). The 'in-place’ ligand RMSDs were calculated with receptors aligned (native and modeling receptor), but without superimposition of ligands.

“Values calculated using AGyng = —RTInK..

values for the 'relaxed' ligand poses (in parentheses). The relaxed
geometries were obtained by QM/MM optimizations with the
receptor held rigid. First of all, we note that the RMSDs (heavy
atoms) between the QM/MM relaxed docking poses and their crys-
tallographic conformations (Table 4) are mainly improved compared
with the docking poses (Table 3). Next, we see that in contrast to
the docking results (Table 3), GIcFU is correctly identified by the
QM/MM-PBSA BFE predictions as the more potent ligand in line
with our kinetics results. This outcome is observed for both the
docked poses (AGying(GIcFU) = —70.4 kcal/mol; AGying(B) = —65.5 k-
cal/mol) and their QM/MM relaxed forms (AGyig(GlcFU) = —=75.8 k-
cal/mol; AGying(5) = —67.4 kecal/mol).

Therefore, the relative energy results from the QM/MM-PBSA cal-
culations using both the docking poses directly and the QM/MM
relaxed poses (rigid receptor) are qualitatively consistent. QM/MM-
PBSA and MM-PB(GB)SA are recognized for their accuracy in pre-
diction of relative binding affinities (51-53), which is sufficient for
most applications. On the contrary, the absolute energy values are
too negative, but this is also a problem with the parent MM-
PB(GB)SA methodology (55) and is due to the approximations
applied and inherent in these methods. Use of a rigid receptor, for
example, does not account for protein relaxation and protein—ligand
mutual relaxation on hinding; however, a recent study revealed that
better correlation between QM/MM-PBSA binding affinity predic-
tions and experimental activities was obtained when the protein
was held ‘fixed' (53). This is consistent with our findings here: the
QM/MM-PBSA predictions using complex geometries obtained from
QM/MM optimizations including a small flexible protein region
(within 4 A of ligands) in the 'relaxation’ of the docking poses did
give less negative AGyng values, but crucially incorrect ranking of
ligand potencies was now obtained (Table S3).

The discussion continues with respect to the QM/MM-PBSA results
for the relaxed ligand poses (receptor held rigid) from Table 4.
Breakdown of the contributions to the BFEs reveals that 5
(—160.6 kcal/mol) as expected has a greater Afqu, mm contribution
to binding than GIcFU (—143.0 kcal/mol), a consequence of the
extra interactions it forms and evident from our SAR analysis. How-
ever, the gains in AEgw, v are outweighed by the significantly lar-
ger desolvation costs for binding of 5 (AGsy, = 75.9 kcal/mol)
compared with binding of GlcFU (AGs, = 50.0 kcal/mol). Mean-
while, vibrational, rotational, and translational entropy losses
(TAS\m) of the two ligands on binding are predicted to be similar
(=17.2 to =17.3 kcal/mol) and do not have a notable effect on cal-
culated relative BFEs. Loss of conformational entropy for the addi-
tional —CH,0H substituent of 5 is not accounted for in our
calculations; the latter would bring the relative BFE values even
more in favor of GIcFU binding (56).

Hence, (de)solvation effects are identified from our QM/MM-PBSA
calculations as the source of the greater affinity for GlcFU binding.
Solvation energy changes can be either enthalpy or entropy related.
Analysis of the AGSY" and the AG" contributions to AGg, for
binding of each ligand reveals AGS" (56.2 and 82.0 for GlcFU and
5, respectively), and therefore, solvation enthalpy changes as key to
the ligand binding affinity differences. The solvation entropy change
on hinding is generally favorable; it is partly incorporated into the
AG;”A'v values and is similar for both ligands (~—6 kcal/mol). In
conclusion, for 5 to hind and interact with the PLP y-phosphate,
the solvent network around three charged residues PLP, Lys568 and
Lys574 is unfavorably disrupted as judged by the AGSE‘V contribu-
tions. Water molecules in a binding pocket are not equivalent and
offer different binding energy contributions which are due to their
local environment (57,58). The water molecules solvating charged

Table 4: Quantum Mechanics/Molecular Mechanics — Poisson—Boltzmann Surface Area (QM/MM-PBSA) results for estimation of binding

free energies (BFEs)?

Ligand  RMSD 'in-place’ (superimposed)®  Afom, mm AGE%'V AG?}JV AGgyy TASum AGying Exp K; (um)
GlcFU 0.572 (0.200) -1319 (-143.00  50.7 (56.2) -6.4(-6.2)  44.3(50.0) =172 (-17.2) -70.4 (-75.8) 79
5 0.470 (0.224) -148.3 (-160.6)  72.3 (82.0) -6.6 (-6.1)  65.7 (75.9) -17.1 (=17.3) —65.5 (-67.4) 271

?Energies are in kcal/mol. Contributions to AGyi,g as per eqns 3 and 4. Values are for the Glide-XP docking poses used directly in the QM/MM-PBSA calcula-
tions but with the corresponding values for the relaxed poses (preminimized using QM/MM) given in parentheses for comparison.

®RMSDs (heavy atoms) in A between the QM/MM relaxed ligand docking poses and their crystallographic conformations (3SYR for GlcFU; 3SYM for 5) ‘in-
place' and superimposed. The 'in-place' ligand RMSDs were calculated with receptors aligned (native and modeling receptor), but without superimposition of

ligands.
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species are more tightly bound and have much larger solvation free
energies than neutral species. Accurate accounting (scoring) of
water contributions to ligand binding is demanding (59,60). How-
ever, careful consideration of the hydration status of a protein bind-
ing pocket can lead to optimal drug design (58,60,61). The current
work highlights that interference of water network surrounding
anionic PLP with a 3"-axial-CH,0H glucose substituent is not favor-
able; on the contrary, the gains from displacement of water mole-
cules trapped in hydrophobic pockets are substantial (61). In this
study, therefore, the benefits of a more accurate solvation model
(PBSA) in accounting for the obviously significant solvation free
energy changes on binding are noted, while docking results proved
to be misleading.

Conclusion and Future Directions

We have successfully developed a stereoselective approach for the
synthesis of novel 1-[3’-C-(hydroxymethyl)-B-b-glucopyranosyl]5-fluo-
rouracil (5), from 3-C-methylene derivative 1. The key step of this
synthetic route involves the formation of pyranose nucleoside 4
during Vorbruggen sugar-base condensation reaction starting from
precursor  3-C-acetoxymethyl-1,2,4,6-tetra- O-acetyl-D-glucopyranose
(3).

Biochemical experiments have shown that 5 and GIcFU are both
potent inhibitors of GPb and competitive with the substrate Glc-1-P.
They are significantly better than those reported in our previous
study (10). However, 5 is a weaker inhibitor than GIcFU and this
cannot be explained by our SAR analysis, where additional hydro-
gen bond and van der Waals contacts are formed by the 3’-CH,0H
substituent of 5 with PLP. While Glide-XP docking also failed to cor-
rectly distinguish and accurately quantify the decisive binding con-
tributions, postprocessing of the docking poses using QM/MM-
PBSA binding affinity calculations correctly reflected the kinetics
results. Desolvation costs for binding of 5 were determined as
counter-productive to improving the binding affinity over the parent
ligand GlcFU. The value of employing more accurate solvation mod-
els in postdocking methods is therefore noted (32,54), particularly
when the binding interface is highly polar/charged and with the
recently developed QM/MM-PBSA approach proving successful.
Nevertheless, it should be finally be noted that employment of
QM/MM-PBSA as a postdocking method is computationally expen-
sive, so its application is currently limited to lead optimization stud-
ies or re-ranking of a select number of top-scoring ligands from
high-throughput virtual screening (lead identification).
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Supporting Information

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. NOE measurements performed on compound 4.

Table S1. Hydrogen bond interactions of the inhibitors with resi-
dues at the catalytic site of GPb in the crystal.

Table S2. Potential van der Waals interactions of compounds
GlcFU and 5 with GPb residues upon binding to the catalytic site.

Table S3. QM/MM-PBSA results for estimation of binding free
energies (BFEs) using ligand docking poses 'relaxed' including a
small flexible protein region®

Please note: Wiley-Blackwell is not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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