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Polyhydroxypiperidines and pyrrolidines (also called imino-
cyclitols or aza-sugars) have attracted increasing attention
because of their inhibitory activity against various glycosi-
dases.™? The glucose-type iminocyclitol deoxynojirimycin
(DNJ), for example, has been used for the treatment of non-
insulin-dependent diabetes (miglitol, targeting the intestinal
disaccharidases).”! Recent studies further indicate that DNJ
and its derivatives are effective against hepatitis B! and C,/®!
as well as glycosphingolipid storage disorders (such as
Gaucher disease).”® The efficacy of iminocyclitols is attrib-
uted to their mimicry of the transition state of enzymatic
glycosidic cleavage.

Of the members of the glycosidase family, a-fucosidase is
involved in the hydrolytic degradation of numerous fucose-
containing glycoconjugates. The existence of this enzyme is
associated with a variety of essential functions. For example,
the abnormal accumulation of fuco-glycoconjugates, which
results from the absence or deficiency of a-fucosidase, leads
to the genetic neurovisceral storge disease fucosidosis.”) An
aberrant distribution of intracellular and extracellular o-
fucosidase is also found in cystic fibrosis!'“!"! and colon—rectal
cancer.">"! Though the physiological functions of a-fucosi-
dase are not completely understood, potent fucosidase
inhibitors may be used as probes for the study of fucosidases
with regard to their functions and for the development of
potential therapeutic agents.

Recently we have established a novel combinatorial
approach to five-membered iminocyclitols based on reductive
amination and the Strecker reaction, and a potent inhibitor
has been identified from the library. The process, that is,
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synthesis and isolation of individual compounds for testing, is
however very slow. To further facilitate the discovery of new
glycosidase inhibitors, we aimed to develop a new method for
the rapid derivatization of an iminocyclitol core designed for
a specific glycosidase family (for example, fuconojirimycin
derivatives for fucosidases in this study) without protecting
group manipulation and under such conditions that the
product could be used directly for screening in situ without
isolation. This concept was first demonstrated by the devel-
opment of new HIV protease inhibitors.!’") Herein we report
the generation of a library based on fuconojirimycin (FNJ) in
a microtiter plate, followed by the direct in situ evaluation of
these reaction mixtures as fucosidase inhibitorse without
product isolation. This approach has led to the discovery of
the most potent inhibitors of a-fucosidases from bovine
kidney and Corynebacterium sp.

Previous work on the development of glycosidase inhib-
itors indicated the existence of an additional binding compo-
nent in the inhibitor.>!'*? This study was thus aimed at
generating an FNJ derivative 1 (Scheme 1) as a core structure
to mimic the transition state of the fucose moiety. A -
aminomethyl group was attached to the Cl-position for
identification of a new binding component throught the
subsequent insitu amide-bond formation and screening.
Since 1-deoxy-FNJ has been shown to be a potent inhibitor
against o-fucosidases (K;=9.8 nM for the a-fucosidase from
human neutrophil and 6.2 nMm from bovine epididymal),*
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Scheme 1. Synthesis of fuconojirimycin derivatives 1-4. TBDMS = tert-butyldime-
thylsilyl, TFA=trifluoroacetic acid, Boc =tert-butoxycarbonyl, DIAD =diisopropyl-

azodicarboxylate, TMS =trimethylsilyl, MOM = methoxymethyl.
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further derivatization of this core may lead to a better and
more-selective inhibitor of a specific fucosidase. In addition, it
has been suggested that the inhibitory potency of 1, in
comparison with that of FNJ, was not affected by the tether
extending from C1 or the anomeric stereochemistry,””! and
the p-linked FNJ amine may also be used for the identification
of GDP-f-fucose (the glycosyl donor of a-fucosyltransfer-
ases) mimics as fucosyltransferase inhibitors.[*!

As shown in Scheme 1, FNJ analogues 1-4 were synthe-
sized from L-gulono-1,4-lactone by a modified procedure
developed by Fleet et al.,”»*¥ and azido-lactone 5 was
prepared in four steps in an overall 40% vyield.” The
nucleophilic addition of methyllithium and subsequent reduc-
tive amination afforded 6 with an exclusive new S stereogenic
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center in 80% yield (two steps from 5). B-Homofuconojir-
imycin 2 was obtained in 92 % yield by acidic deprotection. To
selectively convert the Cl1'-hydroxy group into another
functionality, compound 6 was transformed to diol 7. Mitsu-
nobu reaction of 7 to transform the primary alcohol to an
azide and removal of the trimethylsilyl group afforded the
desired product 8 (72 % in two steps). Deprotection followed
by reduction gave 1l-aminomethyl-FNJ (1). In addition,
compound 6 was converted into the carboxyl derivative 4
through protection and oxidation with RuCly/NalO, (54 %
from 6).

The a-fucosidase from bovine kidney®!! was chosen for
the inhibition studies of iminocyclitols 1-4. Compounds 1-3
showed strong inhibitory effects with IC, values of 25, 30, and
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Scheme 2. The reaction of 1-aminomethyl-FN] (1) with a library of 60 carboxylic acids in a microtiter plate for direct screening of fucosidase

inhibition in situ.
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24 nM, respectively, in contrast to the three- to fourfold lower
activity of the carboxylic analogue 4 (92 nm). Compound 1
was then used for the subsequent diversity-oriented reaction
with various acids in the presence of (1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU,
1 equiv) and diisopropyl ethylamine (DIEA, 2equiv) in
DM, followed by aqueous dilution and screen-

ing without purification. Each assay was per-

Angewandte

and an indole type (D6)), as well as a fused aromatic ring (for
example, the reaction with D4 or D7).

As a consequence of the strongest inhibitory potency
exhibited by the aforementioned screening, the acids B8 and
D6 were treated with 1-aminomethyl-FNJ 1, and the products
were chromatographed to afford 10 and 11, respectively. The
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400 nm in the presence of p-nitrophenyl-o-L- HO

fucopyranoside (the substrate). 10 11 12

Of the 60 compounds generated from the
amide-forming reaction (Scheme 2), several
potent inhibitors were found. For the purpose of easy
understanding, the potency was expressed as % inhibition at
one concentration of the reaction product. As shown in the
inhibition profile of these reaction products (Figure 1), the
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Figure 1. Inhibition profile of the reactions of 1 with 60 different acids
at concentartions of a) 50 nm and b) 10 nm.

enzyme indeed prefers a hydrophobic aglycon to a hydro-
philic one (for example, the product with B1 versus the one
with C5). About two thirds of the reaction products were
more potent than or comparable to 1. The a-fucosidase
inhibition was thus greatly enhanced by introduction of an
appropriate hydrophobic moiety. Furthermore, the inhibitory
results suggest that the enzyme is more interactive with an
aromatic than an alkyl aglycon (for example, the reaction with
B5 or A10) or partially alkyl derivative (for example, the
reaction with B4 or C5). The enzyme seems to prefer a
hetroaromatic component (especially a nitrogen-containing
hetrocycle such as a quinoline type (for example, A6 and B8)

inhibitions of 10 and 11 were studied and the K, values were
determined to be 0.50 and 0.60 nm, respectively; thus both are
competitive against the nitrophenyl substrate. Neither acid B8
nor acid D6 alone showed any significant inhibition. The
coupling reagents (HBTU and N-hydroxybenzotriazole
(HOBT)) used for the formation of an amide bond and the
reaction side product showed little inhibition.*”’ Both 10 and
11 were also examined as inhibitors of glycosidases, including
o- and B-glucosidases, a- and (3-galactosidases, as well as o-
and f-mannosidases (Table 1), and no significant inhibition
were observed, thus indicating their high selectivity for a-
fucosidase.

Previous reports indicated that the inhibition activity was
diminished to a great extent when the exo-cyclic amino group
was converted into an amide by acylation.”?>* To understand

Table 1: Inhibition activity against various glycosidases.

Enzyme Inhibitor % Inhibition at 1 mm
a-fucosidasel® 10 1001 (K;=0.50 nwm)
1 1001 (K;=0.60 nwm)

1 K,=25 nm

a-glucosidase® 10 20
1 n.i.

1 6

ﬁ_glucosidase[c] 10 20
1 n.i.

1 3

a-galactosidase! 10 18
n 36

1 46

B-galactosidasel 10 n.i.
n 9

1 n.i.

a-mannosidase!’ 10 41
n 19

1 n.i.

B-mannosidasel® 10 2
11 2

1 n.i.

[a] Bovine kidney (Sigma Co. or Glyko Inc.). [b] Saccharomyces sp. (Toyo-
bo Co.). [c] Caldocellum saccharolyticum, a recombinant protein (Sig-
ma Co.). [d] Aspergillus niger (Sigma Co.). [e] Escherichia coli (Toyobo Co.).
[f1)ack beans (Sigma Co.). [g] Snail acetone powder (Sigma Co.).
[] 100% inhibition was observed when the inhibitor concentration is
equal to or higher than 12 nm. n.i.=no inhibition

Angew. Chem. Int. Ed. 2003, 42, 4661-4664 www.angewandte.org © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

N

Chemie

o=

4663


http://www.angewandte.org

4664  © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Communications

if the amide played a role in the inhibition, amide 12 was
prepared (in quantitative yield by reaction of compound 1
with acetyl chloride) and found to have a fourfold lower
activity (K; =100 nm). This result illustrates that the enzyme
inhibition can be significantly enhanced by introduction of a
hydrophobic amide group, even though the existence of an
alkyl-amide bond has a negative effect.

The al,2-fucosidase from Corynebacterium sp. was then
investigated with the same library. The results revealed a
preferred aglycon of fused (for example, D4, F4, F5, and F9)
or polarized aromatic compounds (for example, B6, D7, and
E6), with the exception of D5. The most potent inhibitions
were found in the reaction with D7 (IC5,=5.6 nm), F4 (IG5, =
4.1 nM), and F9 (ICs,= 6.3 nm). Compounds 10 and 11, the
best inhibitors previously described, are less active than the
positive control 1 in this study. To obtain more sensitive
detection in the enzyme assay, 4-methylumbelliferyl-o-L-
fucopyranoside was also used to confirm the previous results.
The compound was found to be a better substrate for the
bacterial al,2-fucosidase (K,,=12 um) than p-nitrophenyl-a-
L-fucopyranoside (K,=35um), but inactive toward the
bovine kidney a-fucosidase.’¥! Similar ICs,values were
obtained for the al,2-fucosidase from Corynebacterium sp.

In conclusion, the method described here represents the
first rapid search for an optimal group attached to the core of
a common transition-state mimic to bind the hydrophobic site
of a glycosyltransfer enzyme using a simple amide-bond
forming reaction followed by screening insitu without
product isolation. The two compounds (10 and 11) are the
most potent and selective inhibitors reported so far (K; =0.50
and 0.60 nM, respectively). The same library was screened for
inhibitors of the Corynebacterium fucosidase and a different
group of inhibitors was identified. This approach is thus
proven to be very effective and simple for the rapid
identification of selective potent inhibitors of enzymes
within the same family.

Received: May 6, 2003 [Z51823]

Keywords: combinatorial chemistry - iminocyclitol - inhibitors -
microreactors

[1] A.E. Stiitz, Iminosugars as Glycosidase Inhibitors— Norjirimy-
cin and Beyond, Wiley-VCH, Weinheim, 1999.

[2] V. H. Lillelund, H. H. Jensen, X. Liang, M. Biols, Chem. Rev.
2002, 102, 515-553.

[3] A. Mitrakou, N. Tountas, A. E. Raptis, R. J. Bauer, H. Schulz,
S. A. Raptis, Diabetic Med. 1998, 15, 657 —660.

[4] T. M. Block, X. Lu, F. M. Platt, G. R. Foster, W. H. Gerlich, B. S.
Blumberg, R. A. Dwek, Proc. Natl. Acad. Sci. USA 1994, 91,
2235-2239.

[5] A. Mehta, S. Carrouee, B. Conyers, R. Jordan, T. Butters, R. A.
Dwek, T. M. Block, Hepatology 2001, 33, 1488 —1495.

[6] D, Durantel, N. Branza-Nichita, S. Carrouee-Durantel, T. D.
Butters, R. A. Dwek, N. Zitzmann, J. Virol. 2001, 75, 8987 —8998.

[7] T. Cox, R. Lachmann, C. Hollak, J. Aerts, S. van Weely, M.
Hrebicek, F. Platt, T. Butters, R. A. Dwek, C. Moyses, 1. Gow, D.
Elstein, A. Zimran, Lancet 2000, 355, 1481 —1485.

www.angewandte.org

[8] For a detailed review about the recent development, see R. A.
Dwek, T. D. Butters, F. M. Platt, N. Zitzmann, Nat. Rev. Drug
Discovery 2002, 1, 65-175.

[9] a) G. H. Thomas, A.L. Beaudet, in The Metabolic Basis of
Inherited Diseases (Eds.: C. R. Scriver, A. L. Beaudet, W. S. Sly,
D. Valle), McGraw-Hill, New York, 7th ed., 1995, pp.2529—
2561; b)J. C. Michalski, A. Klein, Biochim. Biophys. Acta
1999, 7455, 69-84.

[10] M. C. Glick, V. A. Kothari, A. Liu, L. I. Stoykova, T. F. Scanlin,
Biochimie 2001, 83, 743 -747.

[11] T. F. Scanlin, M. C. Glick, Biochim. Biophys. Acta 1999, 1455,
241-253.

[12] D. Ayude, J. Fernandez-Rodriguez, F.J. Rodriguez-Berrocal,
V. S. Martinez-Zorzano, A. de Carlos, E. Gil, M. P. de La Ca-
dena, Oncology 2000, 59, 310-316.

[13] J. Fernandez-Rodriguez, D. Ayude, M. P. de La Cadena, V.S.
Martinez-Zorzano, A. de Carlos, A. Caride-Castro, G. de Castro,
F.J. Rodriguez-Berrocal, Cancer Detect. Prev. 2000, 24, 143 -
149.

[14] C. Saotome, C.-H. Wong, O. Kanie, Chem. Biol. 2001, 8, 1061 —
1070.

[15] A. Brik, Y.-C. Lin, J. Elder, C.-H. Wong, Chem. Biol. 2002, 9,
891-896.

[16] M. Kleban, P. Hilgers, J. N. Greul, R. D. Kugler, J. Li, S. Picasso,
P. Vogel, V. Jager, ChemBioChem 2001, 2, 365—368.

[17] J.N. Greul, M. Kleban, B. Schneider, S. Picasso, P. Vogel, V.
Jager, ChemBiochem 2001, 2, 368 -370.

[18] O. Boss, E. Leroy, A. Blaser, J.-L. Reymond, Org. Lett. 2000, 2,
151-154.

[19] M. Nakata, C. Chong, Y. Niwata, K. Toshima, K. Tatsuta, J.
Antibiot. 1993, 46, 1919-1922.

[20] J.N. BeMiller, R.J. Gilson, R. W. Myers, M. M. Santoro, M. P.
Yadav, Carbohydr. Res. 1993, 250, 93 -100.

[21] A. Blaser, J.-L. Reymond, Helv. Chim. Acta 1999, 82, 760-768.

[22] A. Blaser, J.-L. Reymond, Org. Lett. 2000, 2, 1733 -1736.

[23] Y. Nishimura, E. Shitara, F. Kojima, T. Takeuchi, Bioorg. Med.
Chem. 1999, 7, 1241 -1246.

[24] Y. Nishimura, E. Shitara, T. Takeuchi, Tetrahedron Lett. 1999, 40,
2351-2354.

[25] S. Ogawa, M. Mori, G. Takeuchi, F. Doi, M. Watanabe, Y. Sakata,
Bioorg. Med. Chem. Lett. 2002, 12, 2814 -2822.

[26] D. M. Andrews, M. I. Bird, M. M. Cunningham, P. Ward, Bioorg.
Med. Chem. Lett. 1993, 3, 2533 —-2536.

[27] G. W.]. Fleet, S. K. Namgoong, C. Barker, S. Baines, G. S. Jacob,
B. Winchester Tetrahedron Lett. 1989, 30, 4439 —4442.

[28] We have developed a number of al,3-fucosyltransferase inhib-
itors, see a) M. L. Mitchell, F. Tian, L. V. Lee, C.-H. Wong,
Angew. Chem. 2002, 114, 3167-3170; Angew. Chem. Int. Ed.
2002, 41,3041 -3044;b) M. Takayanagi, T. Flessner, C.-H. Wong,
J. Org. Chem. 2000, 65, 3811-3815; c)B.W. Murray, V.
Wittmann, M. D. Burkart, S.-C. Hung, C.-H. Wong, Biochemistry
1997, 36, 823 -831.

[29] G. W.J. Fleet, N. G. Ramsden, D. R. Witty, Tetrahedron 1989, 45,
319-326.

[30] J. P. Shilvock, G. W. J. Fleet, Synlett 1998, 554 —556.

[31] It was reported that the enzyme is able to hydrolyze the
nonreducing fucose residues with al,2-, al,3-, al,4-, and al,6-
linkages, and the cleavage of a1,6- linkage is more efficient than
other fucose linkages. Please see the catalogue of Glyko Inc. or
find the information at the webside: http://www.glyko.com/.

[32] The ICs, values of HBTU and HOBt were measured to be 0.5
and 1.0 mwm, respectively.

[33] W. Guo, J. Hiratake, K. Ogawa, M. Yamamoto, S.-J. Ma, K.
Sakata, Bioorg. Med. Chem. Lett. 2001, 11, 467—470.

[34] p-Nitrophenyl-a-L-fucopyranoside has a K, value of 310 um for
the a-fucosidase from bovine kidney.

Angew. Chem. Int. Ed. 2003, 42, 4661-4664


http://www.angewandte.org

