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The conformational analysis of a series of configurational iso-
mers of 2-(hydroxymethyl)azepan-3,4,56-tetrols 1-4 has
been carried out. 'H NMR spectroscopic data, especially vi-
cinal J couplings and nuclear Overhauser enhancements
(NOE), assisted by molecular mechanics, molecular dy-
namics and Monte Carlo calculations, have been used. A
fairly good agreement between experimental and calculated
data has been found. The different isomers exist in a con-
formational equilibrium between two chair-like structures.

TR-NOE experiments have also allowed us to demonstrate
that the bound conformation of compound 2 to the B-glucosi-
dase from almonds is the major one of this compound present
in solution. Finally, molecular docking of the different con-
formations of these compounds in the binding site of three
different enzymes has been performed in order to try to ra-
tionalize the observed inhibition of these molecules.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The quest for glycosidase inhibitors has been the subject
of extensive research in the past few years due to their po-
tential use as therapeutic agents.l'l Indeed, several molecules
with this capacity have been shown to interact with recep-
tors related to diabetes,? Gaucher’s disease,’] HIV infec-
tion,[ viral infections,™ and even cancer.[®] Moreover, they
have also been used as chemical probes, in combination
with crystallography, modeling and other biochemical and
biophysical methods, to provide new insights into the glyco-
sidase mechanism!” and they are now expected to find an
increasing number of applications as beneficial drugs.[®!

We have recently reported the synthesis and biological
evaluation of a variety of azepan derivatives with four
hydroxy groups attached to the ring,) as well as a hydroxy-
methyl moiety (Figure 1), which mimic monosaccharides

[al Centro de Investigaciones Biologicas, CSIC,
Ramiro de Maeztu 9, 28040 Madrid, Spain
E-mail: jjbarbero@cib.csic.es

] Ecole Normale Supérieure, Département de Chimie, UMR
8642,
24 rue Lhomond, 75231, Paris Cedex 05, France

[l Institute of Glycochemistry and Asymmetric Synthesis, Swiss
Federal Institute of Technology (EPFL), BCH,
1015 Lausanne, Switzerland

Supporting information for this article is available on the
WWW under http://www.eurjoc.org or from the author.

Eur. J. Org. Chem. 2004, 4119—4129

DOI: 10.1002/ejoc.200400320

OH OH
- HO HN &
i OH Q- ~oiOH
OH HO  OH
a-D-gluco (1) B-L-ido (2)
OH

HO.

HO OH

B-D-manno (3)

a-L-gulo (4)

Figure 1. Schematic view of compounds 1—4

with different stereochemistries, that is, a-D-gluco (1), B-L-
ido (2), B-p-manno (3), and a-L-gulo (4). These compounds
were shown to behave as moderate to good glycosidase in-
hibitors with 1 and 3 inhibiting bovine liver B-galactosidase

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4119



FULL PAPER

Y. Blériot, P. Sinay, J. Jiménez-Barbero et al.

and coffee bean a-galactosidase in the low micromolar
range, respectively, despite showing gluco- and manno-like
configurations.]

On this basis, and in order to try to clarify the structural
basis for this behavior, we now report on the confor-
mational study of these seven-membered ring compounds
by using a NMR/modeling approach. These seven-mem-
bered ring systems, such as 1—4, are inherently flexible and
may assume several conformations that can interconvert
with relative low energy barriers.

Proton magnetic resonance ('H NMR) spectra have been
recorded at neutral and acidic pH, the corresponding coup-
ling constants have been deduced, and nuclear Overhauser
effect (NOE) experiments have been evaluated for 1-3.
These data along with the results from molecular mech-
anics, molecular dynamics, and Monte Carlo calculations!'”!
have permitted us to evaluate the conformational behavior
of these iminoalditols. In a further step, STDI!'!l (Saturation
Transfer Difference) and TRNOE!'?! experiments have been
carried out to deduce the conformation of 3 bound to B-
glucosidase from almonds. Finally, molecular docking stud-
ies!'? of these molecules have been carried out in order to
characterize their binding mode to three different glycosid-
ase enzymes!'¥ and to try to rationalize the ability of 1—4
to behave as gluco- and galactosidase inhibitors.

Methods

Materials: The synthesis of these molecules has been
published elsewhere.[!

NMR: Proton assignments were performed using stand-
ard 1D, 2D-COSY, NOESY, and HSQC experiments.[!’]
The coupling constants for 1—3 were obtained from 'H
NMR spectra recorded in acidic media; additional experi-
ments were carried out under neutral conditions for B-L-ido
(2) and a-D-gluco (1). Proton—proton interatomic distances
were estimated from the enhancements measured by selec-
tive 1D NOE experiments, with the DPFGSE NOE se-
quence proposed by Shaka and co-workers.!'°]

Molecular Modeling: Molecular mechanics (MM), molec-
ular dynamics (MD) and Monte Carlo (MC) studies!'”]
were conducted with the MACROMODEL program, ver-
sion 5.5.1'81 Both the AMBER*'T and MM3*2% force fi-
elds were used. The energies were minimized by using the
PR conjugate gradient method. A bulk dielectric constant
of 80 was used when calculations were performed ’in vac-
uo”’. The GB/SA (Generalized Born Surface Area) solv-
ation model®! was also used. The starting coordinates for
dynamics calculations were those obtained after energy mi-
nimizations. Simulations were carried out over 2ns at
300 K. Monte Carlo studies were conducted by using de-
fault parameters implemented in MACROMODEL; 300
trial structures were generated for each molecule. Coupling
constants were calculated by using the empirical Karplus
equation proposed by Haasnoot et al.??! Interatomic H—H
distances and estimated NOEs were calculated by using the
NOEPROM program, which is available from the authors
upon request.??!

4120 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Docking simulations were conducted with AutoDock
3.0.24 X-ray coordinates for the enzymes were taken form
the Protein Data Bank or other work.[?>~27] This program
performs automated docking of the whole ligand with user-
specified dihedral flexibility within a rigid protein binding
site. Before docking, ligands as well as all water molecules
were removed except for the putative catalytic water mol-
ecule of the glucoamylase. Docking studies with B-gluco-
sidase were conducted with the B chain. Polar hydrogen
atoms were added by using the auxiliary program Auto
Dock Tools. Energies were evaluated from precalculated
grids with molecular affinity potentials. Affinity grid files
were generated using the auxiliary program Autogrid. The
centers of the coordinates of the crystal ligands were taken
as the centers of the grids, and the dimensions of the grids
were 23 X 23 X 23 A with points separated by 0.375 A.

The possible conformations of the analogues (see below)
were protonated at the nitrogen atom and minimized with
the AMBER* force field and the PR conjugate gradient
method. The dielectric constant was set to 80. Gasteiger
charges were computed with the auxiliary program Auto
Dock Tools and nonpolar hydrogens merged. AutoDock
randomized the initial position.

With oa-galactosidase and glucoamylase, the configura-
tional and translational exploration was conducted with a
Monte Carlo simulated annealing technique. With B-gluco-
sidase, the Lamarckian Genetic Algorithm implemented in
the program was used. For each starting structure a total
of 100 independent Monte Carlo or genetic algorithm simu-
lations were made. For each Monte Carlo simulation there
were 50 constant temperature cycles with a maximum of
3000 steps accepted or rejected. The initial temperature was
RT = 1000 cal'mol~! and was reduced by a factor of 0.95
each cycle. All the other values for the Monte Carlo simu-
lations as well as Lamarckian genetic algorithm search par-
ameters were taken from the default values of AutoDock.

After docking, the 100 solutions were clustered into
groups with RMS deviations less than 1.0 A. The clusters
were ranked on the basis of the lowest energy representative
of each cluster. Note that the AutoDock energies as re-
ported here may not represent the true energies, rather they
are just a measure of the scoring function used.

Results and Discussion

The conformational analysis of the different molecules
was performed by using a combination of experimental
NMR spectroscopic data, assisted by modeling methods.
The analysis of the shapes of seven-membered rings is chal-
lenging and a variety of forms may occur. The substitution
of different carbon atoms by hydroxy groups, with different
stereochemistries, and, moreover, by a bulky hydroxymethyl
moiety must obviously modify the set of conformations that
are accessible. The conformation of the seven-membered
ring as well as of that of the hydroxymethyl group were
explored.?¥ In all cases, the NMR spectrum obtained un-
der acidic conditions was of higher quality than the one
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recorded under neutral conditions and allowed a more pre-
cise measure of the key J and NOE parameters.

0-D-gluco-Like Compound 1

The experimental vicinal proton—proton coupling con-
stants and NOE enhancements (from which interatomic
H—H distances may be estimated) are shown in Table 1 and
2, respectively. Molecular mechanics, dynamics and Monte
Carlo calculations predicted the existence of two major con-
formations, dubbed Al and B1 (Figure 2), although with
some flexibility around the conformers depicted in the fig-
ures. Conformer Bl is about 5.6 kJ'mol~! more stable than
Al according to the AMBER* force field and the GB/SA
solvent model. Similar results in terms of energies and geo-
metries were obtained when either a bulk dielectric constant
(e = 80) or when the MM3* force field was employed. The
bulk hydroxymethyl group (C7) is attached to C6 in the
more stable pseudoequatorial orientation in both conform-
ers. For simplicity, and as sugar mimics, the chosen number-
ing is related to the sugar nomenclature, with the deoxy
position of 1—4 being C-1. The hydroxy groups at positions
3, 4, and 5 of conformer B1 are also equatorially oriented,
while OH-2 has a pseudoaxial disposition. In contrast, the
OH-3 of conformer Al is the only hydroxy group that as-
sumes a relative pseudoaxial orientation. Table 1 also gives
the AMBER*-computed proton—proton dihedral angles
for A1 and B1, along with the estimated couplings. Table 2
shows the AMBER*-MM/MD predicted average in-
teratomic distances, along with the expected NOEs. It may

Table 1. Experimental and expected 3/ iy and estimated torsion
angles (1) for the a-D-gluco-like derivative 1

Experimental Expected (MM/MD/MC)
SJH,H 3JH,H (Hz) Conformer B1 Conformer Al
Neutral pH  Acidic pH 1(°) J (Hz) t{°) J (Hz)
Jra <L5 <15 69.5 1.0 86.3 1.6
J12 6.0 6.0 488 5.0 1543 9.7
N3 4.4 4.4 52.6 31 418 4.5
T34 8.0+05 9.2 175.4 10.0 153.3 6.4
Jas 9.1 9.1 160.4 9.7 160.9 9.7
Js6 8.7 8.7 160.1 8.6 171.1 10.3

be observed that conformers Al and B1 may be differen-
tiated on the basis of the expected couplings for J;, and
J3 4. Indeed, the experimental data seem to indicate that Bl
is predominant (Table 1) although with some contribution
from Al-type conformers. The experimental couplings for
the vicinal ring proton pairs can be explained using the
same rationale. According to the data, similar confor-
mational equilibria are seen at neutral and acidic pH.

rf/

Figure 2. Conformations Al (right) and B1 (left) of u-D-gluco-like
analogue 1 (AMBER*; ¢ = 80)

Similar conclusions are reached from the interatomic dis-
tances. In this case, key differences between the two calcu-
lated conformations are found for the HI1'—H3 and
H2—HS proton pairs. Again, the experimental NOEs sug-
gest a major contribution from Bl-type conformers, since
the H1'—H3 cross-peak displays an appreciable intensity
and the H2—HS5 cross-peak intensity is just above the noise
level, in contrast to what is expected for the Al-type ge-
ometry. The average distances and NOE values obtained
from the MD calculations are in all cases in between those
values predicted for the single A1 and B1 conformers and
are also in agreement with the observed data. Thus, the MD
trajectory seems to provide a reasonable estimate of the
conformational distribution (Table 2). Indeed, several re-
versible transitions between the Al and B1 forms (Support-
ing Information, see also the footnote on the first page of
this article) take place during the simulation, which also
indicates that the energy barrier for interconversion should
be relatively low.

Table 2. Experimental and calculated NOEs and H—H distances for a-D-gluco-like derivative 1

Experimental Molecular modeling
Prot . NOE MM () MD
roton pair P
Imensity[a] U?per hml]t Conformer A1~ Conformer B1 <6>-1/6 NOE intensity[C]
distance
1-2 ms 2.8 2.6 2.5 2.6 6.6
1-2 m 2.9 3.0 24 2.8 37
1'-3 mw 3.1 4.2 2.6 32 13
1'-5 w 3.5 42 24 32 1.5
2-3 s 2.6 23 24 2.4 9.7
2-5 vw 4.0 2.4 39 2.7 42
3-4 m 2.9 3.0 3.1 31 2.1
3-5 ms 2.8 2.8 2.3 2.7 4.8
4-5 m 2.9 3.0 3.0 3.1 2.0
4-6 s 2.6 23 2.7 2.5 83
5-6 mw 3.1 30 3.0 3.1 1.9

[al Average of those obtained at different mixing times. s: strong; ms: medium strong; m: medium; mw: medium weak; w: weak; vw: very
weak. [ Upper limits of distances (A) are provided, according to the observed intensities, as 2.6, 2.8, 2.9, 3.1, 3.3, 3.5 A. [ NOE

intensities calculated with NOEPROM (%).
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Regarding the rotamer distribution around the C6—C7
linkage of the hydroxymethyl group, Table 3 gives the ex-
pected coupling values for the three possible staggered rota-
mers and also the experimental data for comparison. The
conformers were dubbed gg, g¢, and tg, following the cur-
rently used nomenclature for sugars. The GB/SA AMBER*
calculations predicted small energy differences between the
three rotamers (less than 3 kJ-mol™!), gt being the most
populated one. However, the observed results, with one
small and one medium coupling constant value, indicate
that a rotational equilibrium between the gg and the g7 rota-
mers occurs, with a similar population of both forms. Simi-
lar behavior has been described for Glc/Man pyranose
rings, since in these cases, the equatorially oriented O4 in
the six-membered chair of Glc/Man precludes the existence
of the rg rotamer displaying destabilizing O1—03 interac-
tions. The results obtained at neutral and acidic pH are very
similar, which indicates the same type of equilibrium exist
under both experimental conditions. Thus, the state of pro-
tonation of the nitrogen atom does not seem to influence
the conformational distribution at the C6—C7 torsion, as
also observed for the seven-membered ring itself (see also
Table 1).

Table 3. Experimental and expected coupling constants (Hz) [from
the proton—proton torsion angles, in brackets (°)] for the three
staggered rotamers of the hydroxymethyl group of a-D-gluco-like
compound 1; the geometry of the B1 conformer was employed

H H H
Exp. Hy. OH HO. Hy' Hy Hy
NMR C5®N 05®N cﬁr«
Hy' Hz OH
gt ig 88
AE (kJ/mol)¥ 0.0 1.8 2.8
San (1) 67 2.0 3.7 (60.5) 10.9 (177.4) 2.5 (59.1)
6-7 6.5 10.9 (179.3) 4.1 (62.8) 1.6 (59.6)

[a] Calculated with AMBER*; GB/SA.

B-L-ido-Like Compound 2

Compound 2 differs from 1 by the stereochemistry at po-
sition C6, to which the C7 hydroxymethyl group is attached.
The experimental and calculated coupling constants are
given in Table 4, while the corresponding NOE-based infor-
mation is gathered in Table 5. Again, only the results ob-
tained by using AMBER* and GB/SA are shown, since
those with MM3* and a bulk dielectric constant of 80 are
very similar.

Table 4. Experimental and expected 3Ji; y; and estimated torsion
angles (1) for the B-L-ido-like derivative 2

Experimental Expected (MM/MD/MC)
3JH,H 3JH,H (Hz) Conformation A2 Conformation C2
Neutral pH Acidic pH (%) J (Hz) 1{°) J (Hz)
) <15 2.5 83.6 1.8 65.0 1.2
J12 6.0 6.5 160.3 103 53.1 44
D3 <1.5 1.5 424 43 78.0 1.0
S 7.0 63 147.3 5.4 161.6 7.7
Jas 3.0 2.8 165.4 10.0 91.0 0.7
Js6 <15 <1.0 63.5 32 80.0 0.4
4122 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The Monte Carlo search followed by minimization pro-
duced two stable conformations of the B-L-ido-like com-
pound 2. One of them, named A2 had a very similar ge-
ometry to that described above as Al for the o-D-gluco-like
derivative 1. The second one was not exactly like B1, but
somehow distorted, probably due to the different sterco-
chemistry at C6, and was dubbed C2 (Figure 3). This was
the global minimum, stabilized with respect to A2 by
12.5 kJ'-mol~'. The conformational equilibrium was evalu-
ated as above. From the coupling values, key differences
between the conformers are expected for J; 5, J>3 and Ju s
(Table 4). It is evident that the observed values are between
those expected for A2 and C2. From the NOE data, the
major proton—proton interatomic distance differences oc-
cur for the H1'—H3, HI'—H6 and H3—H6 proton pairs
(Table 5). Therefore, a conformational equilibrium between
A2 and C2 is evident, C2 being predominant. By comparing
the major conformers of a-D-gluco (1) and B-L-ido (2), Bl
and C2, respectively, we can assume that the difference is
due to the necessity of the hydroxymethyl group to adopt a
pseudoequatorial orientation, which cannot be accommo-
dated by the Bl-type geometry. Distortion of the ring B
seen in C can be attributed to the different conformation at
Co6. Despite the relatively high predicted energy difference,
which would preclude the existence of A2-type conformers,
their presence is acknowledged due to the experimental ob-
servations. Moreover, MD simulations starting form either
A2 or C2 gave rather stable trajectories with no interconver-
sions, somehow proving the conformational stability of
these geometries.

The conformation of the lateral C6—C7 chain was also
analyzed. The highest relative energy of the three possible
rotamers is ca. 4 kJ-mol~' (from gg to gt, see Table 6). The
coupling constants for the hydroxymethyl group of the
three main rotamers are shown in Table 6. Following the
reasoning used above for compound 1, the two intermediate
values obtained at neutral pH are in agreement with an al-
most 50:50 conformational distribution of the g7 and g rot-
amers, as expected for L-ido-type sugars, with essentially no
contribution from the gg form. However, in this case, lower-
ing the pH towards acidic conditions (pH = 4.5) influences
the conformational distribution of the lateral chain. Indeed,
the increase in one of the Jg ; couplings (from 7 to 9 Hz) is
in agreement with a change in the conformational distri-
bution to a 75:25 ratio in favor of the gz rotamer.

p-D-manno-Like Compound 3

The experimental (at acidic pH) and calculated coupling
constants of B-D-manno-like compound 3 are compared in
Table 7. The difference between compounds 1 and 3 lies in
the stereochemical differences at positions 2 and 3 (sugar-
related nomenclature). In this case, again two conformers
A3 and B3 were found by the MC protocol with very simi-
lar geometries to those found for 1. The main difference lies
in the relative disposition of the substituents at C2 and C3
and in this case these groups are orientated differently.
Thus, the OH-3 and OH-2 groups of conformer B3 are axi-
ally and equatorially oriented, respectively, while in con-
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Table 5. Experimental and calculated NOEs and H—H interatomic distances for the p-L-ido-like derivative 2

Experimental Molecular modeling
Proton pair NOE MM (r) MD
., [a] Upper limit Conformer A2 Conformer C2 <y —05-1/6
Intensity distance
-2 ms 2.8 2.6 25 2.5
1-2 ms 2.8 3.1 2.4 2.6
1-3 m 29 4.2 2.4 3.1
1-4 vw 4.0 4.1 4.5 4.4
16 mw 31 4.1 2.4 3.0
2-3 s 2.6 23 2.6 2.5
2-4 vw 4.0 37 38 3.8
2-6 vw 4.0 38 4.0 3.9
34 mw 3.1 3.0 3.0 3.0
3-6 ms 2.8 49 23 3.1
4-5 ms 2.8 31 2.6 2.8
5-6 ms 2.8 2.5 2.6 2.6

[l g: strong; ms: medium strong; m: medium; mw: medium weak; w: weak; vw: very weak.

Figure 3. Conformations A2 (left) and C2 (right) of B-L-ido-like
analogue 2 (AMBER*; GB/SA)

Table 6. Experimental and expected coupling constants (Hz) [from
the proton—proton torsion angles (°), in brackets] for the three
staggered rotamers of the hydroxymethyl group of the B-L-ido-like
compound 2; the geometry of the major C2 conformer was em-

ployed

H H H
Experimental Hf\/@:”’ H7®OH m@ H
(neutral / acidic Cs N ¢ N Cs

pH) OH My Hy

88 gt tg

AE (xJ/mol) 0.0 4.2 2.7
un (1) 67 70/55 24(592) 3.7(65.9) 10.9(179.5)

6-7 7.0/9.0 1.6(59.8) 10.7(174.5) 3.7(60.2)

[l Calculated with AMBER*; GB/SA.

Table 7. Experimental and expected 3Ji; 5 and estimated torsion
angles (1) for the B-p-manno-like derivative 3

Experimental Expected (MM/MD/MC)
3JH,H 3JH,H (Hz) Conformer A3 Conformer B3
1) JH) () J(H
J12 7.0 38.5 6.4 154.5 8.9
J12 5.5 79.9 0.9 358 79
D3 <1.5 322 5.5 81.7 0.8
J34 <15 41.7 4.6 66.5 1.6
Jas 8.5 158.2 9.8 1722 8.9
56 9.0 1732 103 166.4 10.1
J6,7a 2.8 56.7 4.2 54.3 2.1
J6.7b 7.0 11.1 11.1 65.1 1.9

former A3 the OH-3 and OH-2 groups are equatorially and
axially oriented, respectively, with the hydroxymethyl group
always adopting a pseudoequatorial orientation. The exper-

Eur. J. Org. Chem. 2004, 4119—4129 WWW.eurjoc.org

imental data indicate the existence of a conformational
equilibrium between A3 and B3 with the B form prevalent,
as observed for 1 (Figure 4). Actually, the application of the
MM/MD/MC protocols to B-p-manno (3) produced results
remarkably similar to those for a-D-gluco (1).

-5ty

Figure 4. Conformations A3 (left) and B3 (right) for the B-b-
manno-like analogue 3 (AMBER*; GB/SA)

The couplings for the hydroxymethyl group of 3 are
shown in Table 7, while the reasoning can be followed with
the Newman projections and the expected values for gg, gt,
and g rotamers given in Table 7. The observed values (2.8,
7.0 Hz) are in agreement with a gg—gt equilibrium similar
to those predicted for Glc/Man pyranose analogues (see
above for 1), but with a higher predominance of gz rotamers
than was the case with 1.

o-L-gulo-Like Compound 4

The peaks in the 'H NMR spectrum of 4 showed extens-
ive overlapping at any pH, and it was not possible to unam-
biguously deduce the relevant J couplings and/or NOEs to
account for the conformational distribution. However, the

Figure 5. Conformations A4 (right) and B4 (left) for the a-L-gulo-
like analogue 4 (AMBER*; GB/SA)
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application of the modeling protocol also led to a partici-
pation of two chair-like forms, dubbed A4 and B4 (Fig-
ure 5), similar to those reported for 2, with the B4 con-
former being the preferred one from the molecular mech-
anics calculations. Indeed two axial substituents may be ob-
served for A4, namely the hydroxymethyl group and OH-2,
while only OH-3 adopts an axial disposition in conformer
B4.

Therefore, the conformational behavior of the four com-
pounds can be described as a conformational equilibrium
between two calculated chair-like conformations, with one
being predominant. The hydroxymethyl substituent group
can also adopt two conformations, with one predominating
in some cases.

The Bound State

In a further step, we investigated the mode of binding of
these molecules to glycosidase enzymes. NMR experiments

have been shown to be useful for deducing the confor-
mation of carbohydrate analogues bound to lectins, and in
some cases, to enzymes. Thus, we performed TRNOE and
STD experiments in order to study the complexes of 3 with
bovine liver B-galactosidase and with the B-glucosidase
from almonds. Unfortunately, it was not possible to obtain
any NMR spectroscopic data for 3 bound to the former
enzyme. Very probably, given the good inhibition ability of
3, the kinetic features of the molecular recognition phenom-
enon are not suitable for the strict requirements of STD and
TRNOE experiments. Fortunately, both STD and TRNOE
experiments (Figure 6) permitted us to deduce some infor-
mation as regards the binding of 3 to the B-glucosidase
from almonds. The STD experiment shows that the major
transfer of magnetization from the enzymic protons to the
ligand involves H2, H3, H4, and to some extent HS5 atoms,
that is, one of the sides of the molecule.

Figure 6 allows the NOESY spectrum (mixing time 300
ms) of free 3 to be compared with the TRNOESY spectrum

Major
Intensities from
STD
e Mt ‘JN_'_\'\ Fa 1."I.k""'.‘_ A
SN N
b) {__,—/ ‘“"’“"“«-.\_q
| HT7a N\ .
| u3  HB HS | H4 NN AL T
Hzp | | § !
| k! \er.
Il 0 1 Hib o0l My, 1 H6
I:'u | || |. | l| Jl l | ||\J|| ||;|.'J t\ i;-J]| | ||,I Il.lll |l|'l"r'- b
O ; ‘\_.m_d..ﬂl k\-..__) VNl i et s sl - ? Ao
a) 4:2- 4‘1 4.0 3.9 3IE| 3:? 3‘.6 3.5 3.4 3:3 3.2 TR
c) d)
| H2H3 H7sHS5HT,H4 Hly
32 ‘ o e M
13 L]
34 *
1
a w.t
1§ .ﬁ
i3 a - a
R TR R T AR TP R e !

Figure 6. (a) '"H NMR spectrum of the free ligand (1.5 mm) (50 mm in phosphate buffer, pH 5.8, and 25 °C); (b) 'H NMR STD spectrum
of the ligand (1.5 mm) bound to almond glucosidase (50 pm) (50 mm in phosphate buffer, pH 5.9, and 25 °C); NOE data for 3 in the free
and enzyme-bound states: (c) NOESY (300 ms) of free 3; (d) TRNOESY (150 ms) of 3 (1.5 mm) with almond glucosidase (50 pm)
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of 3 (mixing time 150 ms) in the presence of the glucosidase
(30:1 molar ratio). It is observed that despite some anti-
phase character in the cross peaks of the spectrum of the
free molecule, as expected for a small molecule and a rela-
tively short NOE mixing time, the set and pattern of the
observed cross peaks are basically identical. This seems to
indicate that very probably, the B-glucosidase from almonds
recognizes 3 in its major conformation present in solution,
that is 3B.

Inhibition Experiments

The inhibition ability of these molecules towards several
glycosidases has been demonstrated previously.”] As shown
below, docking experiments enabled us to predict the rela-
tive inhibitory ability of these compounds. In order to test
whether this protocol (NMR, molecular mechanics + dock-
ing) could be extended to other glycosidases, the inhibition
abilities of 1—4 towards two additional glucosidases were
evaluated and the percentages of inhibition at a concen-
tration of 1 mm of the inhibitor were determined at optimal
pH, and at 35 °C. For G1 glucoamylase,[*” the percentages
of inhibition observed for compounds 1, 3, and 4 were 23%,
39%, and 52%, respectively, while compound 2 showed no
inhibition. Curiously, the fagomine homologue, with only
three substituents,”®! displayed a 61% inhibition at a 1 mm
concentration. For the A385T mutant of B-glucosidase
from Paenybacillus polymyxa,?9! only the B-D-manno-like
analogue (3) was able to inhibit this enzyme (72% inhibition
at a 1 mm concentration, which corresponds to an ICs, of
350 um). As will be shown in the following section, the pre-
dictions of the docking experiments perfectly match the ob-
served inhibitions. We wish to emphasize the fact that the
docking experiments were carried out before performing the
inhibition assays.

Molecular Docking of Compounds 1—4 Towards
Glycosidases

With all this information available, we decided to explore
the atomic features of the interaction process. Therefore,
molecular docking experiments of the two major confor-
mations of each of the four compounds 1—4 in the binding
site of three different glycosidases were performed to find
the most favored conformation of these analogues in their
binding state and to try to rationalize the observed inhibi-
tory capacity of these molecules. They are indeed able to
interact with different enzymes, even when they show differ-
ent relative stereochemistries to those of the compounds
targeted by the enzymes.

Thus, the two main low energy conformers of the four
monosaccharide analogues 1—4 in solution were docked in
the binding site of o-galactosidase from rice!?’! (family
GH27, with a Bl/ag fold, and two Asp catalytic residues,
Aspl85 and Asp130) as an analogue of A. niger a-galactosi-
dase, glucoamylase from A. awamori var. X-100P% (family
GHI15, with a a/ae fold, and two Glu catalytic residues,
Glul79 and Glu400), and B-glucosidase A from B. poly-
myxa?”l (family GH1, with a B/ag fold, and two Glu cata-
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lytic residues Glul66, Glu352) using AutoDock 3.0. These
enzymes were chosen since their crystallographic structures
(see Table 8) with some inhibitors have been published. Fur-
thermore, they belong to the same families and therefore
may resemble the features of some of the enzymes whose
inhibition features by 1—4 have been studied.

Table 8. Details of the enzyme X-ray crystal structures

Enzyme PDB Code  EC Number _ Resolution (A)  Reference
a-Galactosidase from rice 1UAS 32122 1.50 [25]
Glucoamylase from A. 1DOG 32.13 2.40 [26)
awamori var. X100

B-Glucosidase A from B. 1BGG 3.2.1.21 2.30 [27]

polymyxa

Validation of the Docking Method

To ensure that the ligand orientations and positions ob-
tained from the docking studies were likely to represent va-
lid and reasonable potential binding modes of the inhibi-
tors, the docking parameters were first validated for each
crystal structure used.?>~271 Each ligand found in the crys-
tal structure of the enzyme—inhibitor complexes was
docked into its corresponding enzyme and the AutoDock
results were compared with the X-ray ones. The results for
the validation method are given in Table 9. The low number
of structures found for each cluster suggests that several
independent docking runs can be conducted with ease, as
performed here, to allow the minimization protocol to find
a true energy minimum. Thus, the root mean square
deviations (RMSD) for the lowest energy member indicate
that the docking parameters can successfully predict the
positions of the natural ligands, especially of D-galactose.

Table 9. Docking details of the natural ligands

Protein Ligand Cluster RMSD
(structures)
a-Galactosidase, rice b-Galactosel25] 1(1) 0.75
Glucoamylase, 4. awamori 1-Deoxynojirimycin[26] 1(2) 145
var. X100
B-Glucosidase A, B. polymyxa  Gluconic acid(27] (7 112
2(5) 1.08

Docking of Compounds 1—4 in a-Galactosidase from Rice,
as a Model of Coffee Bean a-Galactosidase

After energy minimizations with the AMBER* force
field, all protonated structures maintained the initial ge-
ometry, referred to as A, B or C. The results of docked
monosaccharide analogues in the binding site of a-galactos-
idase from rice are listed in Table 10. The type of confor-
mation (A, B or C) is given next to the compound code.
The results of the inhibition studies of a-galactosidase from
coffee beans are also included.l All the compounds 1—4
were found to occupy the same binding site as D-galactose
within a-galactosidase. The different conformers can bind
in approximately the same region of the enzyme, with con-
former 1A having the most favorable interaction energy
with the enzyme (see Table 10), being more favorable than
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Table 10. Docking of monosaccharide analogues in the binding site of a-galactosidase from ricel*!

Comp. Cluster Docked . Intermolec. Internal energy of o
conformer (structures) energyld] AGpinding energy ligand % Inhibition(P} (coffee beans)
1A (1) -8.10 ~1.77 -8.08 -0.02 08
1B 1) -7.98 -7.64 -7.95 ~0.03
2A 14 -7.77 -7.53 -7.84 +0.07 88
2C 1(3) -6.47 -6.19 —6.51 +0.03
4A 1(2) -7.28 -7.38 -7.69 +0.41 74
4B 1Q2) -7.29 —6.81 -7.12 -0.17
3A 1(D) 742 —7.04 735 ~0.06 5
3B 1) -7.29 -7.12 —7.43 +0.15

[al' All energies are in kcal'mol~!. ) At a concentration of 1 mM of inhibitor, optimal pH, see ref.’]

conformer 1B by about 0.5 kJ-mol~!, which also binds to
the enzyme better than any other conformer of the other
compounds. As a key example, the conformation 1A of the
D-gluco analogue in the protein’s binding site is shown in
Figure 7.

ASF130
(3181

LYS128

Figure 7. Docked structure of conformer 1A of the D-gluco ana-
logue in the binding site of a-galactosidase from ricel>>

The same amino acid residues involved in the binding of
galactose are also involved in the proposed complexes of
the different monosaccharide mimics. In the crystal,*’
Argl81, Trpl64, as well as Asp185 formed hydrogen bonds
with the O2 oxygen atom of galactose. Lys128 is hydrogen
bonded to the two hydroxy oxygen atoms O3 and O4.
Asp51 and Asp52 are hydrogen bonded to O4 and O6
atoms, respectively. In addition, a hydrophobic contact is
observed for residue Trpl6. The activity of 1A as a galac-
tose analogue can be explained by the replacement of the
axial O4 of galactose by an axially oriented O3 in the 1A
conformer (Figure 7). Asp185 provides a bifurcated hydro-
gen bond to both O4 and OS5, which adopt a pseudoequa-
torial orientation. Lys128, Argl81, Asp 51, and Asp52 are
also involved in hydrogen bonding. Additionally, in this
binding mode for 3, the seven-membered ring of 1A is sur-
rounded by Trpl6 and Trpl64, a type of sugar—aromatic
interaction seen in a variety of complexes between proteins
and carbohydrates,*”! which is also present in the other two
docking models (see below). Also, the additional stabiliz-
ation found in this conformer is probably due to hydrogen
bonding between one of the protons attached to the nitro-
gen and AspS1, a feature that only occurs for the 1A con-
former.

4126 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Most strikingly, a fairly good quantitative relationship is
observed between the experimental percentage of enzyme
inhibition and the estimated free energy of binding for all
compounds (Figure 8). This good agreement indicates that
the binding modes proposed are reasonable. Although these
results should be taken with caution due to the different
nature of the enzymes tested for inhibition and used for
docking, it is tempting to try to rationalize the interaction
on the basis of the 3D structure of the complex.

120

R2=09774
100 - .

% Inhibition
IS o2} ®
<] S S

N
(=]
1

0 : : . |
0 2 4 6 8

Estimated Ki (x10°%)

Figure 8. Relationship between the inhibition measured® for A.
niger a-galactosidase and the estimated Ki (inhibition constant)
(from the interaction binding energies) of 1—4 for a-galactosidase
of rice; the measured inhibition versus the free energy of binding
also showed a fairly good correlation (> = 0.985)

Glucoamylase from A. awamori

The results of the docking protocol for the binding of
1—4 to the glucoamylase from A. Awamori are summarized
in Table 11. The X-ray structure of this enzyme presents its
complex with 1-deoxynojirimycin.[?®! Residues that provide
hydrogen bonding to 1-deoxynojirimycin are Asp55,
Arg305, and Arg54. Besides, Glul79 is the catalytic acid
and Glu400 is the catalytic base. The available biological
data concerning inhibition®! with 4. Niger and G1 glu-
coamylase (this work) are also included in the same table.
It can be observed that the inhibition profile for both en-
zymes is similar.
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Table 11. Docking of monosaccharide analogues in the binding site®! of glucoamylase from 4. awamori

Cluster L % Inhibition[?] % Inhibition[?]
Conformer (structures) Docked energy[a] AGbmdmg (G1 glucoamylase (A. niger)
1A 1(8) 933 9.12 24 NI
1B 13) -9.73 -9.32
2A 1(1) -9.35 -8.98 NI
3(10) -9.14 ~8.88
2 1(7) -9.62 -9.28 NI
2(14) -9.43 -8.95
4A 1Q) -9.21 -9.02 45
4B 109 -9.83 -9.61 52
3A 1(6) -9.64 -9.19 34
3B 1(7) -9.49 -9.36 39

In all cases, the docking protocol again leads to a binding
mode fairly similar to that present in the crystal structure,
with a perfect superimposition between 1-deoxynojirimycin
and the glycomimetics. The residues mentioned above are
interact similarly with the different glycomimetics. However,
in this case, the best binding energy is provided by the o-L-
gulo-like compound 4 in the 4B conformation. The struc-
ture of 4B docked in the enzyme’s binding site is depicted
in Figure 9 (a). Apart from hydrogen bonding involving
Asp55, Arg305, Arg54, Glul79, and Glu400, there are also
interactions with several aromatic residues (Tyr4S, Trp52,
Trpl178, Trp317, and Trp417) that further stabilize 4B.
There is a fairly good superimposition with 1-deoxynojiri-
mycin in the X-ray complex,’*®! and since only O3 of 4B
adopts a pseudoaxial orientation, the rest of the hydroxy
groups may resemble the D-gluco-type configuration. Again,
there is a very good correlation between docked energies,
binding energies, and the inhibition data (Table 11).] The
compounds that provided no inhibition or weak inhibition
to both enzymes are those that have the worst binding ener-
gies. The data suggest that compound 4 will be bound in a
B-type conformation. The relative docked energies of o-L-
gulo, 4B, and B-D-manno, 3A, analogues agree with the ex-
perimental relative inhibition of the two glucoamylases.!

p-Glucosidase A from B. polymyxa

The results of these docking experiments and the inhi-
bition data (for B-glucosidases from almonds® and B. Poly-
myxa, this work) are summarized in Table 12. The best
docking and binding affinity is provided by conformation
3B of the B-D-manno-like analogue, as depicted in Figure 9
(b).

Again, the docking results predict that the monosacchar-
ide analogues occupy the same binding site as the natural
acyclic gluconic acid, as observed for the perfect superim-
position for 3B and the ligand in the crystallographic data-
setP” [Figure 9 (b)]. In the crystal structure, hydrogen
bonding to the ligand is provided by GIn20, Hisl21,
Glu405, and the two catalytic residues, Glu166 and Glu352.
For all compounds, the conformation with the lowest dock-
ing energy is the one that predominates in free solution,
with the exception of compound 2. Strikingly, only the com-
pound with the best docking energy (compound 3) is able
to inhibit B. polymyxa, while the best docking energies
(manno 3 and gulo 4) correlate well with the inhibition of

Eur. J. Org. Chem. 2004, 4119—4129 WWW.eurjoc.org

Figure 9. (a) The 4B conformation of the a-L-gulo-like compound
in the binding pocket of the glucoamylase from A. awamori;*°! only
03 adopts a pseudoaxial orientation; (b) the 3B conformation of
the B-pD-manno-like compound in the binding pocket of the -gluco-
sidase A from B. polymyxa;*" only O3 adopts a pseudoaxial orien-
tation; monosaccharide analogues are represented as ball and stick
models, and the ligands in the X-ray structure [deoxynojirimycin/>®!
in (a) and gluconic acid®?” in (b)] as stick models; hydrogen atoms
have been removed for clarity

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4127



FULL PAPER

Y. Blériot, P. Sinay, J. Jiménez-Barbero et al.

Table 12. Docking of monosaccharide glycomimetics in the binding site of B-glucosidase A from B. polymyxa 7]

0, g b 0, P b
Conformer Cluster (structures) Docked energy[a] AGbinding[a] ?B%?;Zi;(;ifz)] % E:}::z;‘g;[ !
1A 1(15) -10.09 -10.05 NI NI
1B 1(57) -10.87 -10.55
1(13) -10.32 -9.94 NI
2A
2 (45) -10.24 NI
2¢ 17N -9.83 -9.46
2(35) -9.68 -9.42
4A 1(22) -10.22 -9.95 NI 39
4B 1 (58) -10.74 -10.28
3A 1(16) -10.23 -9.99 72 62
3B 1 (44) -11.39 -11.11

[al All energies are in kcal'mol 1. ] At a concentration of 1 mum of inhibitor, optimal pH, see ref.l’) NI: unmeasurable inhibition.

B-glucosidase from almonds. Therefore, the binding mode
shown in Figure 9 (b) may be taken as an indication of the
binding of these monosaccharide analogues. In the docking
complex, all the residues involved in hydrogen bonding to
gluconic acid in the crystal, Asnl65 and Asn294 interact
with the ligand, which is in turn surrounded by Tyr296, and
four Trp residues, Trp122, Trp326, Trp398, and Trp406. The
almost equatorial orientation of the substituents of 3B (ex-
cept for O3) provides a good match for the required glucose
shape that this glucosidase is able to hydrolyse.

Conclusions

These polyhydroxyazepan glycomimetics 1—4 may adopt
two conformations in solution which display some selec-
tivity towards different glycosidases. On this basis, they
have been docked in the binding sites of three selected en-
zymes whose X-ray coordinates are available. These en-
zymes, which belong to the same family as those used in
the inhibition assays, served as models to predict the actual
conformation of the analogues in the binding state. In all
cases a strikingly good correlation was observed between
the docked energies of the models and the percentages of
inhibition of the tested enzymes. Although with the a-galac-
tosidase from rice, the preferred conformation of the best
analogue in the bound state is the less favored one in solu-
tion (although there is still selectivity with respect to the
other analogues), for the other two chosen enzymes, glu-
coamylase from 4. awamori and B-glucosidase A from B.
polymyxa, the preferred conformer for binding is the one
which is more populated in solution. According to our re-
sults, this protocol may be used to understand the inhi-
bition ability of glycomimetics. Further studies in our
laboratories are aimed at the design of novel analogues with
enhanced inhibitory potency.
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