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Refining the chemical structure of functionalized pyrrolidine-based inhibitors of Golgi a-mannosidase II
(GMII) to optimize binding affinity provided a lead molecule that demonstrated nanomolar competitive
inhibition of a-mannosidases II and an optimal fit in the active site of Drosophila GMII by X-ray crystal-
lography. Esters of this lead compound also inhibited the growth of human glioblastoma and brain-
derived endothelial cells more than the growth of non-tumoral human fibroblasts, suggesting their
potential for anti-cancer therapy.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Changes in the glycosylation pattern of cellular glycoproteins
are common features of human cancer and influence tumor pro-
gression1–18 suggesting that inhibitors of selected glycosidases
may control cancer.5–11 The assembly of the oligosaccharide chain
of cellular glycoproteins is initiated in the endoplasmic reticulum
on the nascent protein being synthesized on the ribosomes. At that
stage all glycoproteins bear the same carbohydrate structure. Fol-
lowing trimming by a-glucosidases I and II and a-mannosidase I
the nascent glycoprotein is transported to the cis Golgi. In the med-
ial Golgi, a-mannosidase II removes the a1,3-Man and a1,6-Man to
form GlcNAcMan3 (GlcNAc)2-protein. Then other carbohydrate
molecules can be added to this core producing diversity in glyco-
proteins. Further metabolism/catabolism of glycoproteins12,13 is
also observed in the cytosol and the lysosomes, involving several
glycosidases.

Our previous approaches using functionalized glycomers14 or
functionalized pyrrolidines15–21 and results from others using
swainsonine (Scheme 1), a 4-amino-4-deoxy-mannofuranoside
natural inhibitor of Golgi a-mannosidases of type II
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(GMII),11,13,22–37 suggested that inhibiting cellular mannosidases,
in particular GMII, represents potential innovative methods for
drug development in human cancer. However, the poor cellular
bioavailability of swainsonine, its side effects, as well as the unde-
sired co-inhibition of lysosomal enzymes has resulted in the search
for new, more selective, a-mannosidase inhibitors. Recently, we re-
ported that 3,4-dihydroxy-pyrrolidin-2-yl derivatives are selective
and competitive inhibitors of a-mannosidase from jack bean,15–18

and we also demonstrated promising anti-proliferative activities
on human glioblastoma and melanoma cells for the cell-permeant
ester of this compound.19–21 A high resolution structure of the co-
crystal of Drosophila GMII (dGMII) with our first lead19 allowed the
elucidation of its binding in the active site of dGMII.38 The hydroxyl
moieties of the pyrrolidine ring made tight interactions with the
active site zinc, involved in substrate binding. Trp95 displayed
two types of pi interactions: the commonly seen stacked interac-
tion with the five membered ring and an unusual T-shaped inter-
action with the center of the aromatic ring. Nitrogen atoms and
the terminal oxygen (O9) provided several polar interactions.
Interestingly and in contrast to other structures of dGMII:inhibitor
complexes, there is no hydroxyl group occupying the space be-
tween Asp472 and Tyr727. This information was the basis of refin-
ing the structures of our molecules. We hypothesized that the
introduction of polar substituents at the C(5) position of the pyrrol-
idine ring of our first lead may induce additional interactions with
these two residues of the enzyme active site. For that purpose,
replacement of the pyrrolidine moiety by a pyrrolidinone system
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Scheme 1. Swainsonine and the previous pyrrolidine derivatives as anti-cancer agents.

7338 H. Fiaux et al. / Bioorg. Med. Chem. 16 (2008) 7337–7346
was envisaged. We report here the synthesis of these new inhibi-
tors, and their kinetic, structural, and biological evaluations.

2. Results

2.1. Chemical syntheses

The synthesis (Scheme 2) started from 5-oxo-L-proline, which
was converted into the primary alcohol 4 with 84% yield. Protec-
tion as a tert-butyldimethylsilyl ether was followed by introduc-
tion of a tert-butyl carbamate (5) or a methyl group (6) on the
nitrogen atom. A three step procedure39 involving conversion into
the corresponding 3-selenopyrrolidinone followed by oxidative
elimination of the phenylselenyl moiety and dihydroxylation of
the resulting enone, in the presence of a catalytic amount of os-
mium tetroxide, provided diols 7 and 8 with 43 and 41% yield (3
steps), respectively. Protection of the hydroxyl groups as aceto-
nides allowed, after desilylation, oxidation of the primary alcohol
and reductive amination in the presence of D-(�)-a-phenylglycinol
and sodium triacetoxyborohydride for in situ reduction of the
intermediate imines. A final acidic treatment afforded the 3,4-
dihydroxy pyrrolidinone derivatives 11 and 12 in 12 and 28% yield
(4 steps), respectively. The same sequence of reactions was per-
formed with 4-bromobenzoylphenyl glycinol to deliver the ester
derivatives 13 and 14. The detailed procedures and the character-
ization of the compounds are provided as Supplemental data.
NO CO2H

H
5-oxo-L-proline

1. SOCl2, MeOH
-20 to 25ºC

2. NaBH4
EtOH, 0ºC

NO

H

4 (84%)

OH

1. BuLi, (iPr)2NH, -78 to -20ºC
then PhSeBr, -78ºC, THF

2. 30% H2O2, EtOAc, 0ºC
3. OsO4 10%, NMO
acetone / H2O

NO

R

OTBS

R = Boc 7 (43%)
R = Me 8 (41%)

OHHO

1.Bu4NF, THF
2.Dess-Matin periodinane, CH2Cl2

3.D-phenylglycinol
NaBH(OAc)3, Cl(CH2)2Cl
4.CF3COOH / H2O

NO

R

N

OHHO
H

Ph

R = H 11 (GB6) (
R = Me 12 (GB7)

Scheme 2. Synthesis of 3,4-dihydr
2.2. Inhibition of jack bean and Drosophila a-mannosidases

The inhibitory potential of compounds 11 and 12 toward a-
mannosidases from jack bean and Drosophila was determined
and compared with the previously reported lead pyrrolidine deriv-
ative 2 and swainsonine 1 (Table 1). All inhibitors were competi-
tive inhibitors. Replacement of the pyrrolidine moiety in 2 by a
pyrrolidinone system in 11 resulted in a significant decrease of
the inhibitory potency toward jack bean a-mannosidase. However,
substitution of the lactam moiety by a methyl group in 12 induced
a clear improvement of the inhibition potency of jack bean enzyme
and 12 was as efficient as swainsonine for the inhibition of this en-
zyme. The inhibition of Drosophila GMII (dGMII) by pyrrolidine 2
was very modest, while pyrrolidinone derivatives considerably im-
proved the inhibition. Whereas remaining 15 times less potent
than swainsonine, derivative 12 demonstrated a 67-fold improve-
ment from our previous lead 2.19

2.3. Crystal structures

The structures of 11 and 12 complexed with dGMII were
solved to 1.08 and 1.74 Å, respectively, and provided a clear view
of the binding mode of the inhibitors into the active site of the
enzyme. Supplemental Table S1 provides data collection and
refinement statistics. Very clear electron density was obtained
for the entire inhibitors 11 and 12 in the enzyme active site
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Table 1
Inhibition of a-mannosidases from jack bean and dGMII by swainsonine and the
pyrrolidine derivatives

Compound a-Mannosidase from jack bean dGMII

1

N

OH

OH

OH
H

aKi = 155 nM (C) bKi = 20 nM

2

N

OHHO

H

N
OH

Ph

H
aKi = 135 nM (C) bKi = 67 lM

11

NO

H

N

OHHO

OH

H

Ph

aKi = 4 lM (C) bKi = 22 lM

12

NO

Me

N

OHHO

OH

H

Ph

aKi = 206 nM (C) bKi = 1 lM

Jack bean or dGMII a-mannosidases were exposed to increasing concentrations of
the inhibitors under investigation and Ki were determined using 4-nitrophenyl-a-D-
mannopyranoside as substrate at 37 �C or 20 �C.
(C), competitive inhibition.

a Determined at 37 �C.
b Determined at 20 �C.
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(Fig. 1A), although the density of the pyrrolidine ring, which is
bound to the zinc, was better defined than that of the aromatic
ring. As previously seen for 2 (Supplemental Figure S1, adapted
from38) the inhibitor phenyl ring made a T-shaped pi interaction
with Trp95. Superimposing the structures of the dGMII:12 com-
plex solved here with the previously solved dGMII:2 complex
(PDB:2F18) showed that the two phenyl rings overlap quite clo-
sely (Fig. 2B). The presence of the carbonyl group on the pyrroli-
dine ring in 11 and 12 allows the formation of new hydrogen
bonds between the carbonyl oxygen and both Asp472, and
Tyr727 (Fig. 1B). Comparable hydrogen bonds were not seen in
the dGMII:2 structure. The presence of the oxo moiety enforces
the planarity of the pyrrolidine ring. However, the bound confor-
mation of the pyrrolidine ring is clearly different in the two struc-
tures (Figs. 1b and 2B). The N1–C2 bond demonstrates partial
double bonded nature, its length refined to 1.32 Å, rather than
1.48 Å expected for a C-N single bond. The nitrogen atom of the
five membered ring of the pyrrolidine inhibitor 2 presents a
pKa of 8.17 (data not shown) and is thus protonated at the pH
of the experiments, leading to a strong interaction with the
Asp204 residue of the enzyme (2.81 Å). For the non-protonable
N-methyl pyrrolidinone 12, this interaction is lost and the dis-
tance between the nitrogen atom and the Asp204 residue in-
creases to 3.42 Å. Nevertheless, two strong additional
interactions are gained between the oxo moiety of the inhibitor
and the Asp472 (2.60 Å) and Tyr727 (2.74 Å) residues. Moreover,
of the N-methyl group enters into the hydrophobic pocket of the
enzyme binding site formed by Phe206, Trp415, and Tyr727,
which confers to the inhibitor 12 an increased affinity for dGMII.
A direct comparison of the conformations of the pyrrolidine ring
in 12 with 2, swainsonine and mannostatin (another known
inhibitor of dGMII 40) is also made (Fig. 2). Overlaying the struc-
ture of bound 12 with the potent inhibitors mannostatin and
swainsonine shows that the positions of the hydroxyl groups
(or carbonyl group in 12) are all very similar (Fig. 2C and D).
All the distances of the interaction between these residues of
the inhibitors and the residues of dGMII to which they bind (zinc,
Asp92, Asp204, Asp472, and Tyr727) are very comparable (Sup-
plemental Table S2). Additional interactions occur with Tyr269,
Asp340, Asp341, which are not observed with the smaller a-man-
nosidase inhibitors mannostatin and swainsonine (Fig. 1B and
Supplemental Table S2). The N-methyl group of 12 which differ-
entiates it from 11 is close to the position of the thio-methyl
group of mannostatin and the C6 group of swainsonine (Fig. 2C
and D). This N-methyl group is pointing toward a hydrophobic
pocket of the enzyme active site composed of Phe206, Trp415
and Tyr727 (Fig. 1B). This supplementary hydrophobic interaction
formed by the methyl group with the hydrophobic pocket may be
responsible for the increased inhibitory efficacy of 12 compared
to 11. The structure of the dGMII:11 complex indicates the pres-
ence of a water-mediated interaction between the backbone car-
bonyl of Arg876 and the amino group of the pyrrolidine ring. This
water molecule is displaced by the presence of the N-methyl
group and undergoes a significant movement (Fig. 1B). The loss
of this water-mediated interaction is not detrimental to the inhib-
itory activity of the compound and from the inhibition constants
it can be inferred that the hydrophobic interactions induced by
the presence of the methyl group are obviously preferred.

2.4. Inhibition of a-mannosidase II of human glioblastoma and
brain-derived endothelial cells

Both tumor cells and angiogenic endothelial cells of human
glioblastoma may be potential targets for a-mannosidase inhibi-
tors to control human glioblastoma progression. Based on this
information we evaluated the inhibition by our derivatives of a-
mannosidases II from LN18 and LNZ308 human glioblastoma cell
lines19,41 and HCEC human brain-derived angiogenic endothelial
cells.14,41 Derivatives 1, 2, and 12 were first evaluated on a-man-
nosidase II activity extracted from human LN18 and LNZ308 glio-
blastoma cells and brain-derived HCEC endothelial cells, and KM,
IC50, and Ki were determined (Table 2). Inhibitor 219 showed a
moderate inhibitory potency on a-mannosidases from all cell ex-
tracts. Introduction of an oxo moiety at the C(5) position in 11 of
the five-membered ring did not change the inhibition significantly.
The N-methyl pyrrolidinone compound 12 displayed potent inhibi-
tion of a-mannosidases extracted from LNZ308, LN18, and HCEC
cells. The derivatization of 11 and 12 into their 4-bromo-benzoate
esters 13 and 14, respectively, induced a decrease of the inhibitory
potency (Table 2), similarly to what was observed with our first
lead 2 and its 4-bromobenzoate ester 319 (structures in Scheme
1), as expected by the loss of interactions between the primary
alcohol and residues of the active site of the enzyme. Still, a mod-
erate amount of inhibition was observed, suggesting partial cleav-
age by cellular esterases to release the free primary alcohol.

2.5. Inhibition of the growth of human glioblastoma cells,
proliferating endothelial cells, and fibroblasts

As previously reported for 1 and our first lead compound 2,19

the non-esterified derivatives 11 and 12 did not inhibit the growth
of human glioblastoma cells and brain-derived endothelial cells
(Supplemental Table S3). Whereas the 4-bromobenzoate derivative
13 demonstrated a modest 51 and 59% growth inhibition at
300 lM of LNZ308 and LN18 cell lines, respectively, the growth
inhibition of HCEC cells (85% at 300 lM) was more efficient. Com-
pound 14 was more potent than 13 and presented a time- and con-



Figure 1. Interactions of the a-mannosidase inhibitors with the active site of dGMII. (a) Electron density of the active site of dGMII complexes with 11 (A,B) or 12 (C,D). Views
A and C are approximately from the position of Trp95 which forms a lid on the binding site pocket, B and D are after an approximate 100 degree rotation. Maps are simulated-
annealing composite omit maps. The Fobs � Fcalc map shown in yellow is contoured at 5 sigma, the 2 Fobs � Fcalc map (blue) is contoured at 1.4 sigma. The compound 11 is
colored magenta and 12 is colored green. (b) Comparison of pyrrolidine analogs in the active site of dGMII. Residues interacting with distances of less than 3.2 Å are indicated.
The left panel illustrates the previously described 2 (PDB: 2F18), the middle panel the 11 structure and the right panel 12. The active site zinc atom is shown as a magenta
sphere and water molecules are represented as orange spheres. The water molecule whose position is altered significantly by the incorporation of the amino-methyl group is
indicated with an asterisk.
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centration-dependent inhibition of the growth of all cell lines, pro-
ducing complete inhibition at 300 lM within 24 h, comparable to
derivative 3.19 A dose–response evaluation of the anti-proliferative
effects of the best derivative 14 achieved IC50 values of 175 lM and
145 lM in LNZ308 and LN18 cells, respectively (Fig. 3A). In HCEC
cells, the inhibition profile was slightly different and the IC50 was
100 lM. To evaluate the cell selectivity for tumor and tumor-asso-
ciated cells of our new lead, human pulmonary and skin fibroblasts
were exposed to 14, and only very modest growth inhibition was
observed, much lower than the growth inhibition induced by our
previous lead 319 (Fig. 3B).

2.6. Effects of a-mannosidase inhibitor 14 on human
glioblastoma cells and proliferating endothelial cell functions

To get insights into the mode of action of derivative 14, we eval-
uated the expression of binding sites for the lectin LcH, recognizing
terminal mannoses, in human LNZ308 glioblastoma cells exposed



Figure 2. Overlays of 12 with previously solved inhibitors. Compounds are distinguished by coloring their carbons atoms green (12), yellow (2), cyan (mannostatin A) or
light-pink (swainsonine). (A) Comparison of binding of 12 and 2 illustrates the change imposed by the introduction of the carbonyl. (B) Comparison with of the bound
positions of mannostatin A and 12 shows that the binding of mannostatin A and the 5-membered ring of 12 is very similar. (C) The binding of swainsonine and the
5-membered ring of 12 is quite different although the oxygens end up in a very similar position. The insert panel A illustrates the differences in conformation of the
5-membered ring in 2, 12 and mannostatin A. To obtain the overlays the complete protein:inhibitor complexes were superimposed using the SSM module of Coot and
the coordinates for the zinc and inhibitor extracted. The active site zinc is colored magenta and is included as an aid to orientation.

Table 2
Inhibition by 1 (swainsonine) and compounds 2, 3, 11, 12, 13, 14 of a-mannosidase
activity extracted from human glioblastoma (LN18 and LNZ308) and endothelial
(HCEC) cells

Compound LNZ308 LN18 HCEC

KM = 650 lM KM = 1065 lM KM = 550 lM
1 IC50 = 20 nM IC50 = 50 nM IC50 = 10 nM
2 IC50 = 50 lM IC50 = 50 lM IC50 = 25 lM

Ki = 41.5 lM Ki = 32.5 lM Ki = 23.3 lM
11 IC50 = 50 lM IC50 = 350 lM IC50 = 75 lM
12 IC50 = 500 nM IC50 = 2 lM IC50 = 500 nM

Ki = 0.55 lM Ki = 3.2 lM Ki = 0.67 lM
3 IC50 = 75 lM IC50 = 200 lM IC50 = 75 lM
13 IC50 = 150 lM IC50 = 750 lM IC50 = 75 lM
14 IC50 = 7.5 lM IC50 = 75 lM IC50 = 750 nM

a-Mannosidase(s) were extracted at pH 5 from the LN18 and LNZ308 human
glioblastoma cells or the human brain-derived HCEC endothelial cells and activity
was measured using 4-methyl-umbelliferyl-a-mannopyranoside as substrate. KM

was determined first, then IC50 and Ki were determined in cell extracts pre-incu-
bated for 30 min at 37 �C with increasing concentrations of the inhibitors under
investigation. Then residual activity was measured using 4-methyl-umbelliferyl-a-
mannopyranoside. KM, IC50 and Ki values were determined graphically.
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or not exposed to 14, and found that more binding sites spanning a
larger surface around the nucleus of tumor cells were detected in
cells exposed than in cells not exposed to the inhibitor (Fig. 4).
We also evaluated the incorporation by glioblastoma and prolifer-
ating endothelial cells of radioactive mannose compared to radio-
active leucine into TCA-precipitable high molecular weight cellular
molecules (Fig. 5a). The decrease of incorporation of mannose was
higher than that of leucine in cells exposed to 14 (Fig. 5b) in
LNZ308 and HCEC cells, but was less evident in LN18 cells. This dif-
ference is comparable to the lower Ki of inhibitor 12 (Fig. 5c) to-
ward a-mannosidases II extracted from LNZ308 or HCEC cells
than from LN18 cells.

3. Discussion

Two main classes of human a-mannosidases, types I and II, are
involved in the processing of glycoproteins. Type I a(1,2)-man-
nosidases are localized in the endoplasmic reticulum, where their
main functions are related to the quality control and correct fold-
ing of newly synthesized glycoproteins. These enzymes specifically
hydrolyze a(1,2)mannosidic bonds of complex carbohydrate struc-
tures; they do not hydrolyze simple aryl-a-mannosides42, and
their enzymatic mechanisms and three-dimensional structures
are different from those of a-mannosidases of type II. The type II
a-mannosidases can be separated33,43 into three groups: acidic/
lysosomal (MAN2B1), intermediate/Golgi (GMII, MAN2A1), and
neutral/cytosolic (MAN2C1/6A8). They have very similar se-
quences at their active sites and hydrolyze a(1,2), a(1,3), and
a(1,6) linkages and simple aryl-a-mannosides by the same mech-
anism resulting in retention of sugar anomeric configuration. In-
creased expression of human lysosomal a-mannosidase II has
been previously demonstrated in extracts of glioma, correlated
with malignancy.44 Human cytosolic a-mannosidase II is inhibited
by swainsonine, and abrogation of its gene expression results in
decreased growth of human nasopharyngeal tumor cells45 and in-
creased ConA binding in permeabilized fixed cells.46 Golgi a-man-
nosidase II is inhibited by swainsonine with an IC50 = 20–50 nM.
Drosophila GMII 47 displays 61% sequence identity with human
GMII, comparable substrate specificity, kinetic properties, and
inhibitor sensitivity,28,48 and can be used as a valid model of the
structural and functional features of the mammalian enzyme. Rose
and co-workers analyzed a series of crystal structures of dGMII/
inhibitor complexes48–51 providing insight into the structure and
catalytic mechanism of dGMII.

The crystallographic results presented here extend our work
with pyrrolidine-based inhibitors and allow dissection of various
aspects of their inhibitory properties. The first generation inhibi-
tors19,38 were unusual in that they lacked hydrogen bonds with
Asp472 and Tyr727, as every previously solved structure displayed
hydrogen bonding at this position. In these first generation struc-
tures, Asp472 and Tyr727 changed their orientation to allow for-
mation of a hydrogen bond between them, causing a
compression of this section of the active site.38 It is probable that
the binding energy from the T-shaped pi interaction between
Trp95 and the phenyl ring of the inhibitor, another feature not pre-
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Figure 3. Cellular effects of cell-permeable a-mannosidase inhibitors in human
glioblastoma cells, proliferating endothelial cells or fibroblasts. (A) Growth inhibi-
tion of human glioblastoma cells and proliferating endothelial cells. Human cells
were exposed for 48 h to increasing concentrations of 14, then the MTT assay was
performed for the last 2 h and the percent of growth inhibition was calculated as
the ratio of MTT reduction of treated to untreated cells. Results are shown as
means ± SD of triplicate wells of one representative experiment out of 3. (B) Growth
inhibition of human fibroblasts. Human primary dermal (PG98/5) or pulmonary
(PO08) fibroblasts were exposed for 48 h to increasing concentrations of either 3 or
14, then the MTT assay was performed for the last 2 h and the percent of growth
inhibition was calculated as the ratio of MTT reduction of treated to untreated cells.
Results are shown as means ± SD of triplicate wells. (grey bars: 100 lM; white bars:
200 lM; black bars: 300 lM).
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viously seen in other inhibitors, was sufficient to overcome the
unfavorable lack of hydrogen bonds.38 The incorporation of an
oxo group into the pyrrolidine ring, at the position similar to that
of hydroxyl groups in other inhibitors, greatly increased the inhib-
itory efficiency of our second generation compounds and led to the
formation of hydrogen bonds which were absent in the structures
of the complexes of the first generation inhibitor. The Trp95:phe-
nyl interactions are still maintained, and the position of the phenyl
slightly differs between the first and second generation inhibitors.
In the second generation inhibitors, the incorporation of the ketone
group and the observed partial double bond character of the N1–C2
increased the rigidity of the pyrrolidine ring. This may be some-
what unfavorable to achieving potent inhibitory activity as we
have previously demonstrated that the conformation of inhibitors
bound to dGMII is quite distorted from their low energy conforma-
tion, and that inhibitors which more easily undergo conforma-
tional rearrangements are more potent.40 An hydroxyl, rather
than a carbonyl at C2 may produce a more effective inhibitor. A
further improvement in the potency of the inhibitor came from
the addition of the methyl group to the N1 nitrogen. The methyl
group in compound 12 points toward a hydrophobic region, where
we have previously seen binding of the thiomethyl group of man-
nostatin A and benzyl-mannostatin A.40 In the case of the latter
compound, the methyl was found directly in line with the end of
Trp415. This hydrophobic interaction must be quite favorable for
compound 12 as it is a better inhibitor than compound 11, even
though the presence of this methyl group caused the loss of a
through-water hydrogen bond between Arg876 and N1. It is possi-
ble that the methyl group could be extended further to provide an
even more potent inhibitor as there is still space available in the
hydrophobic pocket. Thus, for dGMII, from a Ki value of 67 lM
for our previous lead 2,19 our X-ray-based refinement of the inhib-
itor to obtain 12 resulted in a Ki value of 1 lM, thus a 67-fold gain
in inhibition.

In human cancers, including glioblastoma, both the tumor cells
themselves and the angiogenic endothelial cells associated with
cancer may be targets of therapeutic intervention. Thus, we inves-
tigated the effects of our inhibitors in human LN18 and LNZ308
glioblastoma cells as models for tumor cells and human brain-de-
rived HCEC endothelial cells as models for angiogenic endothelial
cells associated with glioblastoma. The inhibition of a-mannosi-
dase II activity by 11 and 12 was achieved in both cell types, sug-
gesting that our inhibitors may be efficient in directly controlling
tumor cell growth and also as potential anti-angiogenic molecules.
Compared to the first generation inhibitor 2 and to 1 (swainso-
nine), 11 demonstrated a moderate inhibitory potency. Introduc-
tion of an oxo moiety at C(5) position of the five-membered ring
did not result in significant modification of the inhibition of human
a-mannosidases II extracted from human glioblastoma and endo-
thelial cells. However, the N-methyl pyrrolidinone system 12 dis-
played potent inhibitory activity on human cell a-mannosidases,
although lower than swainsonine. This result is in agreement with
the observations made on the dGMII model enzyme. Interestingly,
the inhibition of a-mannosidases II by 12, but not 2 was more effi-
cient in LNZ308 cells and HCEC cells than in LN18 cells, whereas
inhibition by swainsonine was similar in all three cells. The growth
inhibition of glioblastoma and endothelial cells only by the ester
analogs 13 and 14 further confirms our previous hypothesis19 that
the transport across cell membrane of these inhibitors, and their
subsequent intracellular trapping following hydrolysis of the ester
moiety, is an important factor of their efficacy in human cells. The
incorporation of mannose was reduced compared to leucine (a
marker of general protein biosynthesis) in cells exposed to a-man-
nosidase inhibitor 14. However, this effect was less evident in LN18
cells, which are less efficiently inhibited by 14 than LNZ308 and
HCEC cells, strongly supporting a role for a-mannosidase II inhibi-
tion in the anti-growth effects of our inhibitor(s). Compound 14
was more potent than compound 13, and slightly more potent than
our previous lead 319 in inhibiting the growth of human glioblas-
toma and endothelial cells. This did not reflect their potency in
inhibiting a-mannosidase activity of cell extracts, but correlated
with the potency of 11 and 12 at inhibiting the activity of our mod-
el enzyme dGMII. The derivatization of 11 and 12 into their 4-bro-
mobenzoate esters induced a decrease of the inhibitory activity in
cell extracts, as expected by the loss of interactions between the
primary alcohol and residues of the active site of the enzyme. Still,
the fact that a moderate amount of inhibition was observed sug-
gests that the ester linkage was cleaved by cellular esterases to re-
lease the free primary alcohol. However, even if the growth
inhibition of human tumor and tumor-associated endothelial cells
was not improved by these modifications, their selectivity between
human tumor-associated cells versus human normal fibroblasts
was greatly enhanced.



Figure 4. Lectin-cytochemistry of the human LNZ308 glioblastoma cells. LNZ308 cells were either not exposed (LNZ308 control) or exposed for 12 h to 200 lM 14 on
histological slides. After fixation in buffered formol, the slides were exposed for 6 h to the a-D-mannopyranoside-specific lectin Lens culinaris (LcH). Co-incubation with the
cognate lectin ligand, terminal a-D-mannopyranoside, demonstrated the absence of non-specific binding (not shown).
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Figure 5. Inhibition of leucine (Leu) and Mannose (Mann) incorporation in human
glioblastoma and endothelial cells by 14. Human glioblastoma LN18 or LNZ308 cells
were not exposed (no inhib) or exposed (+14) for 14 h to 200 lM 14 together with
[3H]-Leu (Leu) or [3H]-Mann (Man), or human brain-derived HCEC endothelial cells
were not exposed (no inhib) or exposed (+14) for 6 h to 200 lM 14 together with
[3H]-Leu or [3H]-Mann. Then, (a) the incorporation of radioactivity by the cells into
TCA-precipitable molecules was determined; (b) the ratio of the decrease of the
incorporation of [3H]-Mann to [3H]-Leu in treated cell versus control cells was
calculated (Man/Leu) and compared; and (c) to the Ki of the parent compound 12
for inhibition of mannosidase activity extracted from cells (from Table 2).
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4. Conclusion

In summary, in the present manuscript, we describe the chem-
ical syntheses, and enzymatic and biological characterization of
congeners of inhibitors of a-mannosidase II. By refining the chem-
ical structure using X-ray crystallography, we demonstrate an opti-
mal fit of our lead molecules in the active site of Golgi a-
mannosidase II. We also show that the inhibition of a-mannosi-
dase II activity of human glioblastoma and angiogenic brain-de-
rived endothelial cells and the inhibition of the growth of these
cells in culture, while sparing healthy human fibroblasts, is
achieved by these competitive inhibitors of a-mannosidases. Thus,
the pyrrolidinone inhibitors of a-mannosidases II disclosed here
constitute new promising scaffolds for the inhibition of human
cellular a-mannosidase II and for a new class of future therapeutic
drugs as anticancer and antiangiogenic agents.
5. Experimental

5.1. Chemical syntheses

Commercial reagents (Fluka, Aldrich) were used without purifi-
cation. Solvents were filtered prior to use (Innovative Technology).
Solutions after reactions and extractions were evaporated in a rota-
tory evaporator under reduced pressure. Reactions were monitored
by TLC using Merck silica gel 60F254 plates, and detection by UV
light, Pancaldi reagent [(NH4)6MoO4, Ce(SO4)2, H2SO4, H2O] or
KMnO4. Purification of compounds was performed by liquid/solid
flash chromatography using silica gel (0.040–0.63 mm, Merck
No.9385 silica gel 60, 240–400 mesh). The syntheses were per-
formed as described in Scheme 2 and the detailed synthesis proto-
cols and the characterization of the compounds are provided as
Supplemental data.

5.2. Crystallography

Purified dGMII in Tris-buffer (10 mM Tris, pH 8.0, 150 mM NaCl)
at a concentration of approximately 16 mg/ml was thawed and
used for crystallization without any further treatment. Crystals of
dGMII and complexes were grown using the hanging-drop vapor
diffusion method using 1 ml of Tris-reservoir-buffer (0.1 M Tris,
pH 7.0, 8.5% PEG 6K, 2.5% methyl-pentane diol (MPD)) in each well
of the crystal tray. A total of 3 ll protein solution was combined
with 3 ll crystal seeds in reservoir buffer to form the crystalliza-
tion drop. Preparation of the seeds followed the Hampton protocol
for the Seed Bead Kit. Seeds had been aliquoted at suitable concen-
trations and stored at �80 �C where they remain useable for at
least 2 years. dGMII/inhibitor complexes were obtained either via
co-crystallization or through soaking of a dGMII crystal in inhibitor
solution. Co-crystals with 11 were obtained by incubating the en-
zyme on ice for 30 min with a final concentration of 2 mM 11 prior
to crystallization. Crystals were grown for 16–18 h at 22 �C. They
were removed from the drop using nylon CryoLoops (Hampton Re-
search) and passed through Tris reservoir buffer containing
increasing concentrations of MPD (10, 15, 20, 25%) for cryoprotec-
tion. Cryosolutions were also prepared containing inhibitor (1 mM
final concentration). For soaking, dGMII crystals were first grown
in Tris-buffer as described above. The next day, crystals were
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washed in phosphate buffer (0.1 M sodium phosphate pH 7.0, 8.5%
PEG 6K 2.5% MPD) followed by a 24-h soak in phosphate buffer
containing 2 mM 12. Crystals were then passed through phosphate
buffer with 1 mM inhibitor containing increasing concentrations of
MPD (10, 15, 20, 25% v/v) for cryoprotection. Crystals were flash
frozen in a nitrogen stream.

5.3. Data collection of dGMII:11 and of dGMII:12 complexes

X-ray diffraction data for the dGMII:11 complex were collected
at 100 K on Beamline A1 at the Cornell High Energy Synchrotron
Source. Data were integrated and scaled using HKL2000. A constant
set of Rfree data was created using CCP452 and by merging with a
previous Rfree data set. The data were then written in mtz, cns,
and hklf4 formats for use in subsequent refinement programs. X-
ray diffraction data for the dGMII:12 complex were collected at
100 K with a Bruker X8 Proteum system consisting of a Bruker
Microstar rotating anode generator, Montel optics, and a CCD
detector. Data were integrated and scaled using the Proteum suite
of programs.

5.4. Refinement of dGMII:11 and dGMII:12 complex structures

The structure of the dGMII:11 complex was initially phased by
molecular replacement using the software program CNS.53 Rigid
body refinement was carried out against the published structure
of native dGMII (PDB:1HTY) with Tris and water molecules in
the region of the active site removed. This was followed by simu-
lated annealing to 3500 K, group B-factor refinement, and individ-
ual B-factor refinement. At this step, the R and Rfree were 0.197
and 0.213 and the FO–FC density clearly revealed the presence of
bound compound and unassigned water molecules. Additional
water molecules were picked using the Arp/Warp54 routine in
CCP4. Ligand molecule dictionaries and starting coordinate files
were generated using the ProDrg server (http://dav-
apc1.bioch.dundee.ac.uk/programs/prodrg/). Ligand fitting and
checking the model for proper fit to the density was performed
using the program Coot.55 At this stage, high resolution refine-
ment using SHELX9756 was started. CGLS refinement to increasing
resolution was followed by refinement of anisotropic B-factors.
This was followed by a number of iterative rounds of model build-
ing using Coot and SHELX97 refinement where clear alternative
conformations of side chains were inserted into the model, water
molecules were added and side chains were regularized. Hydro-
gen atoms were added and the occupancy of the alternative con-
formations was refined in later rounds of SHELX97 refinement.
Statistics for data collection and refinement are presented in Sup-
plemental Table S1. The model was prepared for PDB deposition
using shelxpro, which removes the hydrogen atoms from the
deposited molecule. The quality of the final model and ligand
geometry were assessed using a number of structure validation
programs including MolProbity (http://molprobity.bio-
chem.duke.edu/), the Validation Suite (http://biotech.ebi.ac.uk),
and hetze (http://xray.bmc.uu.se/hicup/). Simulated annealing
omit maps were generated in CNS: the ligand was removed from
the final model, the omit-model underwent a round of simulated
annealing at 3500 K to remove any model bias in the phases, and
1Fobs–Fcalc and 2Fobs–Fcalc maps were generated. Protein overlays
were carried out using the SSM module of Coot. Graphics were
generated using Pymol (http://pymol.sourceforge.net) and Mol-
script (http://www.avatar.se/molscript/). The structure of the
dGMII:12 complex was initially solved by molecular replacement
using CNS as described above. At this preliminary stage R and Rfree

were 0.17 and 0.21, respectively. Ligand, water fitting and alter-
nate conformation assignment were as described above except
that REFMAC was used for the final stages of refinement.
5.5. Cells and cell treatments

Human glioblastoma LN18 and LNZ308 (a kind gift of AC Dise-
rens, Neurosurgery Department, CHUV, Lausanne, Switzerland)
were grown in DMEM medium containing 4.5 g/l glucose, 5% FCS,
and antibiotics.41 HCEC cells are immortalized human brain-de-
rived endothelial cells (a kind gift of D. Stanimirovic, Ottawa, Can-
ada) and were grown in DMEM medium containing 4.5 g/l glucose,
10% FCS, and antibiotics.14 PO08 and PG98/5 are human fibroblasts
from the lungs and the skin, respectively, and were used as previ-
ously described.19 All reagents for cell culture were from Gibco,
(Invitrogen, Basel, Switzerland). Two days before experiments,
cells were seeded in 48-well plates (Corning, NY, USA) in the same
culture conditions. On the day of experiments medium was chan-
ged when indicated and cells were exposed to increasing concen-
trations of the synthetic derivatives for 24 h. Cell survival was
determined using a MTT assay, essentially as previously de-
scribed.14,19,41 Briefly, MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide, Sigma, Switzerland) dissolved in
PBS (5 mg/ml) was added to all wells without medium change,
and the plates were incubated at 37 �C for 2 h. The precipitated for-
mazan was dissolved in isopropanol–HCl and optical density mea-
sured at 540 nm. For the incorporation of [3H]-Leu and [3H]-Mann,
LN18 and LNZ308 cells were seeded in 48-well plates for 10 h, then
14 (final concentration 200 lM) and [2,3,4,5-3H]-L-Leu or [2,6-3H]-
D-Mann (both from American Radiolabeled Chemicals, St. Louis,
MO, USA, final concentration 0.4 lCi/ml) were added for a further
incubation of 14 h. Radioactivity incorporation was determined
essentially as previously described.19 Briefly, incorporation was
quantified in a beta-counter (Rackbeta, LKB) after precipitation
with 10% trichloracetic acid and solubilization in 0.1 N NaOH.
Experiments were performed in triplicate wells and means ± SD
were calculated.

5.6. Lectin labeling of human glioblastoma cells

Cells were grown on glass histological slides, exposed to
inhibitors as indicated, fixed in buffered 4% formaldehyde and
endogenous peroxidase was inactivated with 3% hydrogen perox-
ide in methanol. Slides were exposed overnight at 4 �C to biotin-
labeled Lens culinaris lectin (LcH, Sigma L4143, stock solutions
1 mg/ml), diluted 1:2000 in antibody diluent (Dako, Baar, Swit-
zerland) and subsequently exposed to avidin-complex (ABC,
Dako) according to the manufacturer’s instructions. Peroxidase
activity was visualized using 0,035% diaminobenzidine (Fluka,
Buchs, Switzerland) as a chromogen. Slides were conterstained
with hematoxylin, and examined under a microscope. Co-incuba-
tion of the lectin on the slides with 0.1 M methyl-a-D-mannopy-
ranoside (Fluka) was used as control for specific binding of the
lectin (not shown).

5.7. Evaluation of inhibitory activity on a-mannosidase from
jack bean

Determination of the activity of a-mannosidase from jack bean
was performed according to published protocols.57 Briefly, 0.01 to
0.5 U/mL of jack bean a-mannosidase (Sigma), preincubated for
5 min at 20 �C with the inhibitor under evaluation, was incubated
for 20 min at 37 �C with increasing concentrations of 4-nitro-
phenyl-a-D-manno-pyranoside (Sigma) buffered to pH 5.5 (opti-
mal pH of the enzyme). The reaction was stopped by addition
of 2.5 volume of 0.2 M sodium borate buffer pH 9.8. The 4-nitro-
phenolate formed was quantified at 410 nm and either IC50 values
were determined graphically or double-reciprocal (Lineweaver
and Burk) plots were used to determine the inhibition
characteristics.

http://davapc1.bioch.dundee.ac.uk/programs/prodrg/
http://davapc1.bioch.dundee.ac.uk/programs/prodrg/
http://molprobity.biochem.duke.edu/
http://molprobity.biochem.duke.edu/
http://biotech.ebi.ac.uk
http://xray.bmc.uu.se/hicup/
http://pymol.sourceforge.net
http://www.avatar.se/molscript/
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5.8. Evaluation of inhibitory activity on dGMII

For the determination of Ki values for the inhibition of dGMII, ali-
quots of dGMII were diluted to 5 lg/ml in 10 mM sodium phosphate,
pH 6.8, 100 mM NaCl, and 10 lg/ml bovine serum albumin. Inhibitor
dissolved in DMSO was added and incubated with the enzyme for
30 min at 20 �C. The reaction was initiated by the addition of para-
nitrophenyl a-manno-pyranoside (Fluka) dissolved in DMSO, and
the incubation was done at 20 �C. The final concentration of DMSO
in all cases was 10%. Aliquots were removed at various time points,
put into a microtitre plate, and an equal volume of 0.5 M sodium car-
bonate was added to stop the reaction. Absorbance at 405 nm was
measured in a microplate reader (Molecular Devices). The linear por-
tion of the reaction time course was used to determine inhibition
constants. The anemona.xlt Excel spreadsheet58 was used for deter-
mination of Ki values using nonlinear regression analysis.

5.9. Evaluation of cellular a-mannosidase activity and
inhibition

Human cell layers were extracted in phosphate buffers contain-
ing 0.1% Triton X-100 (Fluka) pH 5.0, and incubated at room tem-
perature for 10–30 min in the absence or presence of the synthetic
inhibitors at the concentration indicated. The activity of a-man-
nosidase(s) was determined by the addition of the fluorigenic sub-
strate 4-methyl-umbelliferyl-a-D-manno-pyranoside (Fluka, final
concentration 150 lM) by measuring the fluorescence increase
for 30 min in a fluorescence multiwell plate reader (Cytofluor,
PerSeptive BioSystems) thermostated at 37 �C, kex = 360 nm;
kem = 460 nm, essentially as previously described.19 Swainsonine
(Fluka) was used as a reference inhibitor.

5.10. Calculations of results

Each experiment was repeated in triplicate wells at least three
times. Means and standard deviation were calculated.
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