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Abstract—Synthesis of hybrids of 1-deoxynojirimycin (DNJ) and 5-aryl-1,2,3-triazole as potential bifunctional inhibitors of angio-
genesis is described. The DNJ component inhibits the biosynthesis of cell surface oligosaccharides necessary for angiogenesis,
whereas the aryl-1,2,3-triazole inhibits methionine aminopeptidase II, a target in angiogenesis therapy. One bifunctional compound
was a more potent inhibitor of angiogenesis in vitro than DNJ alone or the 5-aryl-1,2,3-triazole alone.

© 2007 Elsevier Ltd. All rights reserved.

Angiogenesis' provides new blood vessels to growing
and developing tissue including tumours. Pathological
angiogenesis occurs in tumour formation, and also in
a range of other ‘angiogenesis-dependent diseases’ that
include rheumatoid arthritis, diabetic retinopathy, ath-
erosclerosis, Crohn’s disease and diseases of the nervous
system.? Angiogenesis is a major factor affecting the
metastatic spread of malignant tumour cells and so the
development of angiogenesis inhibitors is of interest in
cancer therapy. Drug discovery for angiogenesis depen-
dent disease has been recently reviewed by Folkman.3
Angiogenesis inhibitors that target a range of angiogenic
proteins and/or pathways will be less susceptible to drug
resistance than those agents that target a single protein
or pathway. Therefore, it will be important for synthetic
chemists to produce novel multifunctional pharmaceuti-
cal compounds that have potential to inhibit two or
more biological targets relevant to angiogenesis.

Methionine aminopeptidase II (MetAP2) has been
indentified* as the target for the angiostatic agents fum-
agillin and ovalicin and an inhibitor PPI-2458 is cur-

Keywords: Angiogenesis; Inhibitor; Alpha-glucosidase; Methionine
aminopeptidase; Aryl-1,2,3-triazole; 1-Deoxynojirimycin, Bifunctional
compound; Hybrid.

* Corresponding author. E-mail: paul.v.murphy@ucd.ie

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.12.034

rently in clinical trials.> Recently aryl-1,2,3-triazoles 1
have been identified as inhibitors of both MetAP2 and
angiogenesis.® Glycosidases are another relevant target;
inhibitors of a-glucosidases such as N-methyl-1-deoxy-
nojirimycin 2b, castanospermine, or 1-deoxymannojiri-
mycin alter the biosynthesis of glycans on endothelial
cell surfaces that are required for angiogenesis.” Herein
we describe the synthesis and evaluation of the hybrid
angiogenesis inhibitors 3-5 (Chart 1) which have been
designed to inhibit both a-glucosidase and MetAP2.

The design of 3-5 was based on combining the proper-
ties of glycosidase inhibition and MetAP2 inhibition
into a single molecule to generate a hybrid angiogenesis
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Chart 1. Structures of 1-5.
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inhibitor. The ability of N-butyl-DNJ 2¢ to inhibit a-
glucosidases® indicated that an alkyl chain linker be-
tween the DNIJ nitrogen atom and the aromatic residue
would not have a deleterious effect on glycosidase activ-
ity. Secondly, the docking of a low energy conforma-
tional isomer of 5 to the active site of MetAP2, based
on the crystal structure of the complex between an
aryl-1,2,3-triazole derivative and MetAP2, indicated
that 5§ would adopt a conformation that would preserve
the MetAP2 interactions and additionally bind the
DNJ moiety. The DNJ moiety can form VDW interac-
tions with the residues on the surface of the enzyme

(Fig. 1).

The synthesis of 3-5 (Scheme 1) began with cleavage of
the aromatic methoxy group of 3-methoxybenzaldehyde
6° to give 7. This was best achieved using thiophenol,
potassium carbonate and N-methyl-pyrrolidinone.'°
These conditions were superior to the use of boron tri-
chloride or to the use of boron trichloride-tetrabutylam-
monium iodide which have been applied previously for
the demethylation of aromatic ethers. Next the selective
alkylation of 7 using dialkyl bromides in acetone using
potassium carbonate gave the aldehydes 8a—c. The alde-
hyde groups of 8a—c were then converted to the acety-
lenes 10a—c, respectively, using the Ohira-Bestmann
reagent 9'! under basic conditions.!?

The alkylation of 2a'3 or per-O-acetylated 2a with the
bromides 10a—c under a variety of conditions (using
the bases K,CO;, KOH, DIPEA, NaH, K,COs;—Cul,
Et;N in solvents MeCN, DMF or MeOH) gave either
low yields or none of the desired products. To circum-
vent this problem the bromides 10a—c were converted
to the more reactive iodides 11a—¢ by reaction with so-
dium iodide in acetone. These iodides were then reacted
with DNJ 12 in DMF in the presence of K,COj5 to give
13a—c in moderate to good yield. Attempts to carry out
Huisgen 1,3-dipolar cycloaddition reactions of 12a—c

Figure 1. Hybrid 5 (CPK model) docked to the aryl-1,2,3-triazole
binding site (brown tubes) of MetAP2. The MetAP2 amino acid
residues shown are those within 4 A of 5.

with benzyl azide or azidotrimethylsilane were unsuc-
cessful. Conversely, the reaction of benzyl azide and
acetylenes 13a—c, obtained by per-O-acetylation of the
DNJ hydroxyl groups of 12a—c, gave the triazoles 14a—
¢ as mixtures of regioisomers.!* Deacetylation of 14a—¢
using sodium methoxide in methanol followed by cata-
lytic hydrogenolysis gave the hybrids 3-5.!> In addition
the aryl-1,2,3-triazole 15 was also prepared from the rel-
evant aromatic aldehyde by first converting the aldehyde
to the acetylene and the subsequent Huisgen reaction
with azidotrimethylsilane.

Compounds were evaluated for their ability to inhibit o-
glucosidase assay from bacillus stearothermophilus as
described by Hakamata et al.'® in order to test their en-
zyme inhibitory activity, and the results are provided in
Table 1. The ICsq for 2a was 1.67 uM. The hybrid com-
pound 5 (ICso=1.15uM) was more potent than 2a,
whereas compounds 3 and 4 were less potent
(IC50=6.07 uM and 2.41 uM, respectively) than 2a.
Thus, the structural modification of incorporating the
aryl triazole via an alkyl linker to 2a did not lead to a
significant reduction of the inhibition of a-glucosidase.
In the case of 5, the structural modification led to a
modest enhancement of inhibitory properties, indicating
that the N-substituent may have favourable interactions
with the glucosidase. The aryl-1,2,3-triazole 15 (Chart 2)
did not inhibit a-glucosidase.

The inhibition of BAEC growth by compounds was next
determined using the MTT assay'” and the results are
also summarized in Table 1.!® The iminosugar 2a was
inactive with no significant inhibition of proliferation
being observed at concentrations up to 1 mM. However,
the aromatic triazole 15 (ICsy = 0.347 mM) was able to
inhibit growth of BAECs. The inhibition of human
(HUVEC) and mouse (MS-1) endothelial cell prolifera-
tion by aryl-1,2,3-triazoles is consistent with the ability
to inhibit MetAP2 and it can be inferred that inhibition
of MetAP2 in BAECs would account for the activity ob-
served for 15. It is worth noting that aryl-1,2,3-triazole
derivatives have ICsy values of 2-30 uM as inhibitors
of HUVEC and MS-1 growth.> The hybrids 3-5 all
inhibited BAEC proliferation with 5 being the most po-
tent inhibitor (ICso = 0.105 mM). Thus, introduction of
the alkylated DNIJ substituent to the 3-position of the
benzene residue did not lead to a loss in ability of the
aryl-1,2,3-triazole to inhibit endothelial cell growth; in
the case of 5, the structural modification led to an in-
crease in potency.

As compounds 3-5 can inhibit a-glucosidase at the en-
zyme level, the effect on the cell surface oligosaccharide
structure was investigated. Accordingly, BAECs were
treated with compounds (50 uM) for 24 h and then the
binding of specific fluorescein (FITC)-labelled lectins
to the cells was monitored by fluorescence activated cell
sorting (FACS) analysis in a flow cytometer.'” In these
studies the two lectins, concanavalin A (ConA) and phy-
tohemagglutinin-L (L-PHA), were investigated. Con A
recognises mannose and glucose residues, whereas L-
PHA recognises complex branched chain oligosaccha-
rides containing tri- and tetra-antennary B-linked disac-
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Table 1. Inhibition of a-glucosidase and BAEC growth by compounds

Compound o-Glucosidase inhibition BAEC growth inhibition

ICso (kM) ICs50 (mM)
2a 1.67 Not active
3 6.07 0.797
4 2.41 0.610
5 1.15 0.105
15 Not active 0.347

NS OMe
N—NH 15

Chart 2. Structure of 15.

charides of N-acetyl-lactosamine on mannose residues
of asparagine linked oligosaccharides.”®

Following 24-h treatment with compounds, cells were
labelled with ConA-FITC or L-PHA-FITC and then
cells were sorted according to the intensity of the fluo-
rescence they emitted. Results of the analyses are shown
in Figure 2. As expected, BAECs that had been treated
with 2a for 24 h showed greater binding of ConA than
untreated control cells, indicating increased levels of
high mannose structures at the cell surface. The treat-
ment of BAECs with 3-5 also led to increased binding
of ConA to cell surfaces when compared to the control
and 5 and 4 increased ConA binding more than 2a, pro-
viding evidence that the hybrid compounds inhibit o-
glucosidase at the cellular level. Further evidence to sup-
port this conclusion was obtained when the binding of
L-PHA to BAECs was examined. It was found that,
as expected, treatments that increased ConA binding de-
creased L-PHA binding. Thus, L-PHA binding to BAE-
Cs was reduced in cells that had been treated with 2a
compared to control, untreated cells. Compounds 3-5
lowered levels of L-PHA binding to BAECs and all

three did this to a greater extent than 2a. The hybrid
5, the most potent a-glucosidase inhibitor, was the most
potent inhibitor of glycoprocessing as indicated by the
high level of ConA and low level of L-PHA binding to
BAECs following treatment. Although compounds 3
and 4 are less potent a-glucosidase inhibitors than 2a,
they alter surface oligosaccharide expression to a greater
extent than 2a. This apparent anomaly may be explained
by the possibility that they have increased cellular per-
meability compared to 2a, thereby facilitating diffusion
to the endoplasmic reticulum(ER) and enhancing access
to the glycoprocessing enzymes therein. Satisfactory cel-
lular permeability and its potency as an inhibitor of glu-
cosidase activity would account for the activity
displayed by 5.

Compounds 3-5 were next evaluated for their ability to
inhibit angiogenesis in vitro using the endothelial cell
tube formation assay.”’ Endothelial cells which are in-
duced to undergo tube formation change their architec-
ture and form cell-cell contacts that lead to branched
networks that are similar to capillary-like blood vessels.
When BAECs are cultured on polymerized matrigel they
organise into such tube-like structures (Fig. 3(a)). How-
ever, when BAECs were cultured on polymerized matri-
gel in the presence of 5 (0.2 mM, Fig. 3(b)) the cells
failed to organise into these capillary-like structures.
At this concentration none of the other compounds
inhibited tube formation.

In summary, the synthesis of novel hybrids of 2a and 5-
aryl-1,2,3-triazoles has been achieved by a sequence that
includes N-alkylation of 2a and subsequent Huisgen 1,
3-dipolar cycloadditions of azides and alkynes. These
novel hybrid compounds showed interesting biological
properties when compared with 2a and 15. One hybrid
showed increased glycosidase inhibitory activity and in-
creased ability to alter the biosynthesis of oligosaccha-
rides on endothelial cell surfaces when compared with
2a. The same compound showed increased ability to in-
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Figure 2. Effect of glycosidase inhibitors on cell surface BAEC
oligosaccharide expression. BAECS were cultured for 24 h in the
absence (control) or presence of 5x 107> M DNJ and novel com-
pounds. Cells were harvested with trypsin/EDTA, treated with Con A-
FITC (top) or L-PHA-FITC (bottom) and analyzed by flow cytom-
etry. Plots show the relationship between fluorescence intensity
(FL1Log, x-axis) and cell number (counts, y-axis) for populations of
cells treated with different compounds.

hibit the proliferation of BAECs when compared to 15.
Endothelial cell proliferation was not inhibited by 2a at
high concentrations and aryl-1,2,3-triazoles did not inhi-
bit either a-glucosidase at the enzyme level or glycopro-
tein processing at the cellular level. Hybrid 5 completely
inhibited capillary tube formation similar to capillary-
like blood vessels that are formed in vivo during angio-
genesis. Hybrid 5 displays properties desirable in the
development of bifunctional inhibitors of angiogenesis.
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Figure 3. Tube formation. (a) BAECs cultured on polymerized
matrigel organise into tube-like structures. (b) Hybrid 5 inhibits tube
formation (2 x 107* M).
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