Bicyclic Nojirimycin Analogues as Chemical Chaperones
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cell line for any of thie assayed
compounds. In the nomal H37
cells, B-Glu activity seeamed to in-
crease slightly in the p resence of
compounds 1-3 and 5 during
the first few days, the-n it drop-
ped back to the basal level (see
Supporting  Information, Fig-
ure 25). No change in the pres-
ence of NN-DNJ was obbserved.

To evaluate the cytostoxicity of
compounds 1-3 and 5, we cul-
tured normal and F2131/F213],
N370S/N370S and L4-44P/L444P
mutant human fibroblasts in the
presence of various <oncentra-
tions of each sp? imin osugar (0,
0.3, 1, 3, 10 and 30 pa4) for four
days, and then assaye-d the celi
viabilities. NN-DNJ was included
in this study for comparative
purposes. The results showed
that the viabilities of all four fi-
broblast types were wnchanged
after incubation with the inhibi-
tors, even at the maxiFnum con-
centration of 30 um.

Discussion

Chemical chaperone thierapy is a
promising approach for the
treatment of lysosomal storage
disorders because of its potential
for simple oral administration,
penetration of the bl ood-brain
barrier and low cost. Chemical
chaperone activity in Gaucher
disease (GD) mutants has been
reported for several M-substitut-
ed derivatives of the carbasugar
B-valienamine®"*® and of the
iminosugar  1-deoxyrojirimycin
(DNJ),26247.98 among which the
N-(n-nonyl) derivative (NN-DNJ).
Recently, we found th at bicyclic
sp’-iminosugar analogwes of the
parent alkaloid nojirinrycin (NJ),
with structure of 5-M6-X-(N'-al-
kyliminomethylidene)n ojirimycin
(X represents O, S or N} behaved

as very selective compzetitive in-
hibitors of B-glucosidases, in-
cluding human p-glucocerebrosi-
dase. Preliminary X-ray structural

t{ days —>»

Figure 2, Chaperone activities of bicyclic NJ (1-3) and GNJ derivatives (5) and NN-DNJ on mutant B-Glu in fibro-

blasts {time course). Cells were cultured in the presence of the optimal concentration of each compound (30 pm
for 1-3 and 5; 1 um for NN-DNJ) of the corresponding bicyclic nojirimycin for up to 10 days (e). A subset of cells ; .
was cultured with chaperones for four days, washed and further cultured without the drug for six days (o). B-Glu studies of the corresponding
activity in cells was determined at the indicated time in triplicate. enzyme-inhibitor complexes sup-
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ported that these compounds bind at the active site of $-glu-
cosidases in a manner that is analogous to that previously en-
countered for iminosugars such as NN-DNJ.** The remarkable
selectivity for 3-Glu was ascribed to the rigidity of the bicyclic
skeleton.® Since the synthesis of sp® iminosugars is readily
amenable to molecular diversity-oriented strategies and bio-
logical activity optimization, evaluation of their potential as
chemical chaperones for the treatment of Gaucher disease was
very appealing.

Prior to this work, a broad screening of bicyclic sp>iminosu-
gar structures with different configurational patterns and N'-
substituents was carried out against a panel of commercial gly-
cosidases.®™ Compounds with hydroxylation profiles analogous
to p-glucose (NJ derivatives) or p-galactose (4-epi-NJ; galacto-
nojirimycin, GNJ derivatives) and bearing long chain linear N'-
alkyl substituents were found to be promising candidates in
view of their strong and selective inhibition of clan GH-A f-glu-
cosidases to which human acid (-Glu belongs. On those
grounds, the N'-octyliminomethylidene NJ and GNJ derivatives
1-3 and 4-6, respectively, were initially considered for addi-
tional studies. In a next set of experiments, the bicyclic NJ de-
rivatives 1-3 were found to enhance the activity of several GD
f-glucocerebrosidase mutants, whereas compound 5 was the
only GNJ analogue that exhibited obvious chaperone activities.

The chaperone effect of compounds 1-3 and 5 was further
evaluated and compared with the effect of NN-DNJ in human
GD cells by using an in situ cell enzyme assay. The bicyclic sp?
iminosugars exhibited chaperone activities in five of seven GD
cell lines assayed, namely the F213I/F213i, N1885/G193W,
G202R/L444P, N3705/N370S and F2131/L444P mutations,
whereas they were ineffective in cells with the L444P/L444P
and L444P/RecNcil mutations.

The rationale behind the selection of sp’-iminosugar glyco-
mimetics as chemical chaperone candidates was based on the
generally accepted theory that effective competitive inhibitors
are more likely to show a potent chaperone effect. This is par-
ticularly true for compounds that are more potent B-Glu inhibi-
tors at neutral than at acidic pH values, which emulate the sce-
narios encountered in the ER and the lysosome, respectively.
Our results indicate, however, that the chaperone activity is
not directly related to the inhibitory efficiency. Thus, com-
pounds 1-3 and 5, as well as NN-DNJ, exhibited good inhibito-
ry properties on human normal acid B-Glu and no toxicity in
fibroblasts at the range of concentrations tested. They also
inhibited the F2131/F213l, N3705/N370S and L444P/L444P
mutant -Glu proteins, with IC;, values that showed mutation
dependence. Good chaperone activities were achieved on the
N3705/N370S mutant in spite of ICs, values that were five- to
20-fold higher than those measured on normal and other
mutant acid B-Glu. In the case of the 1L444P/L444P and F2131/
F2131 mutant acid $-Gluy, the IC;, values were similar to those
measured for the normal enzyme, but the compounds showed
no effect on the L444P/L444P whereas they exhibited potent
chaperone activity on the F213I/F2131 mutant enzyme. Al-
together, these results underline that the chaperone activity of
a given compound does not solely rely on its binding affinity
towards the target enzyme, but that properties such as mem-

brane permeability, metabolism, intracellular localization and
the structure of the protein upon binding to the chaperone,
among others, might play a decisive role.

No strong variations in the B-glucosidase inhibitory activity
were encountered between bicyclic sp? iminosugars differing
in the endocyclic heteroatom at the five-membered ring in the
bicyclic skeleton (O for 1, S for 2 and 5 or N for 3). However,
the cyclic guanidine derivative 3 was found to be a tenfold
weaker inhibitor as compared with the cyclic isourea (1) or the
cyclic isothiourea derivatives (2 and 5) in cases in which the
acid B-Glu activities were determined in lysates from human
normal and mutant fibroblasts in the presence of increasing
concentrations of the compounds, Previous structural and
thermodynamic studies suggested that desolvation of the in-
hibitor probably represents an important contribution to the
binding free energy in these family of glycomimetics,*” a pro-
cess that is expected to be less favourable for the more basic
guanidine functionality. Nevertheless, these differences were
not paralleled in the chaperone experiments. Thus, while com-
pound 2 was a 40-fold stronger inhibitor of the F213I/F213i
mutant acid $-Glu than 3, the enzyme activity enhancement
achieved with the later compound was slightly higher. It seems
that the ratio between the binding affinity to f-Glu in the ER
and the lysosome, which can be considered to be proportional
to the corresponding ratio of the IC;, values at 7.0 and 5.2, is a
more critical parameter than the individual inhibition potency
at either of those cellular compartments. The fact that NN-DNJ
is a less efficient chemical chaperone as compared with the sp?
iminosugars for the F213{/F2131 mutant is also consistent with
this observation.

The primary goal of this work was the evaluation of the po-
tential of sp? iminosugars as chemical chaperones for a variety
of Gaucher mutations in comparison with the classical iminosu-
gar NN-DNJ, already in preclinical studies.” It must be stressed,
however, that there is an increasing number of reports on new
chaperones for GD and that a broader comparative evaluation
of the therapeutic potential for different structures would be
highly desirable. Synthetic cost and pharmacokinetic properties
are also critical questions regarding drug development. The hy-
drophilic 1-azasugar isofagomine, a specific and potent B-Glu
inhibitor (IC, 50 nm), is a molecule of reference at this respect.
It can increase the N370S B-Glu activity about two- to three-
fold by enhancing its cellular folding and trafficking.*>***" Re-
cently, Zheng etal®” used quantitative high-throughput
screening (gHTS) to find three structural series of potent, selec-
tive, nonsugar B-Glu inhibitors, Three compounds from these
series, with 1Cg, values 0.031, 0.103 and 0.33 um, respectively,
increased B-Glu activity by 40-90% in N370S mutant cells. By
HTS of the 50000-compound Maybridge fibrary, Tropak et al.®
identified two noncarbohydrate-based inhibitory compounds
with 1C, values of 5 and 8 um respectively, which can increase
p-Glu activity 50-150% in N370S or F213! GD fibroblasts. This
results are, actually, quite similar to ours (40-100% increase for
F213] and 40-165% increase for N3705S).

Studies on genotype-phenotype relationships in human GD
patients have shown that except for the N370S mutations,
which are exclusively associated with type 1, the nonneurono-
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pathic form of GD, the other three mutations with positive
responses to the bicyclic NJ derivatives 1-3 and 5 (N188S,
G202R, F213l), can be associated with types 2 or 3, neurono-
pathic forms of the disease,”* ¥ which are not responsive to
enzyme replacement therapy because the recombinant
enzyme cannot cross the blood-brain barrier. We propose the
sugar mimics in this study mainly for chemical chaperone ther-
apy of neuronopathic forms of Gaucher disease. Preliminary
confocal microscopy studies carried out with a fluorescently
labeled derivative of the bicyclic NJ derivative 1 indicated en-
hanced trafficking of the mutant protein to the lysosome in
Gaucher patient cells. Compound 1 also evidenced good prop-
erties regarding oral availability and ability to enhance the p-
Glu activity in tissues, including brain, as well as the lack of
acute toxicity at high doses in normal mice (all procedures
were carried out in accordance with the National Institutes of
Health Guide for Care and Use of Laboratory Animals, and
were approved by the Animal Ethics Committee of Tottori Uni-
versity; data not shown).

As far as we are aware, no glycomimetic-type chaperones,
including isofagomine and the sp? iminosugars here described,
have been reported for the L444P GD mutation. This mutation
is not located in the catalytic domain of -Glu and, conse-
quently, is not sensitive to active site-directed chemical chaper-
ones %% Mu etal®® found that inhibition of L-type Ca’*
channels by diltiazem or verapamil can partially restore the
L444P mutant B-Glu homeostasis in GD fibroblasts, and they
suggested that this effect might be due to a modest up-regu-
lation of a subset of intrinsic molecular chaperones which are
essential for the maintenance of cellular protein homeostasis.
Recent results by Rigat and Mahuran pointed to a classical glu-
cocerebrosidase chemical chaperone behaviour for diltiazem.”
However, neither diltiazem nor verapamil were found to en-
hance mutant enzyme activity in homozygous L444P Gaucher
cells. A better understanding of the mechanism of action of
intrinsic molecular chaperones would provide us clues to de-
velop nonactive site directed chaperones to broaden the po-
tential of chaperone therapy for GD.

Conclusions

In this study, we have developed a general approach for the
synthesis of bicyclic sp*iminosugar glycosidase inhibitors that
is very well-suited for molecular diversity-oriented strategies,
Higher inhibitory selectivities towards f-glucosidase, including
the lysosomal human B-glucocerebrosidase, as compared with
the structurally related iminosugar NN-DNJ have been ach-
ieved. Interestingly, sp® iminosugars also were more efficient as
chemical chaperones than NN-DNJ for some Gaucher disease
mutations. Differences in chaperone activity seem to be relat-
ed, though not solely, to variations on binding affinity of the
glycomimetic to the mutant protein at neutral and acidic pH, a
situation that emulates the environment at the ER and the
lysosome, respectively.

The body of results presented here stresses the necessity of
a thorough mutation-based profiling of chemical chaperones
to evaluate their therapeutic potential. The future of chaper-

one therapy for the treatrnent of GD and other lysosomal stor-
age disorders depends on our capacity to enlarge the battery
of compounds that can promote mutant glycosidase activity
enhancements in a highly specific and efficient manner, includ-
ing active site- and nonactive site-directed chemical chaper-
ones. The development of flexible synthetic strategies suitable
for the generation of focused libraries of glycomimetics is
therefore mandatory. Physicians could then choose the most
suitable chaperone for an individual patient upon his/her mu-
tation. When using active-site chaperones to treat GD, determi-
nation of the therapeutically useful doses is critical because
high doses would inhibit the acid B-Glu activity heavily and
might aggravate the symptoms of GD. While very strong inhib-
itors can be effective at low doses, moderate inhibitors would
allow the use of higher doses. Rather than a very potent inhibi-
tory potency, an ideal active-site chaperone should have a
high ratio between the chaperone and inhibition activities.

We have previously demonstrated the effectiveness of
chemical chaperone therapy in Gy,-gangliosidosis,***¥ Gaucher
disease®?" and Fabry's disease.® Notably, we recently found
that chaperone therapy can prevent neurological deterioration
in a Gy;-gangliosidosis model mouse expressing R201C mutant
human B-galactosidase.” In the case of the bicyclic NJ deriva-
tives studied in this work our findings in cultured cells, al-
though indicative of potent chaperone effects for specific GD
mutations, do not allow us to predict their pharmacological
chaperone efficiency in whole animals and, hence, which struc-
ture has the best therapeutic value. We are currently develop-
ing a transgenic mouse model that lacks the endogenous wild-
type enzyme and expresses instead a mutant human acid f3-
Glu. The in vivo results will be reported in due curse.

Experimental Section

Materials and methods: The sp? iminosugars 1-6 were synthe-
sized in our laboratories and their purity was confirmed by spectro-
scopic techniques and combustion analysis. For the preparation of
2-5 the previously reported reaction sequences were followed
with slight modification.”*% For compound 1,%% an advantageous
route has been developed, while compound 6 has not been previ-
ously reported. NN-DNJ was obtained from United States Biological
(Marblehead, MA, USA). Stock solutions of the compounds were
prepared in H,0 at 3 mm and stored at —20°C. Reagents and sol-
vents were purchased from commercial sources and used without
further purification. Optical rotations were measured at 22°C in
Tcm or 1dm tubes. 'H {and C) NMR spectra were recorded at
300 {75.5) MHz. 2D COSY and HMQC experiments were carried out
to assist in signal assignment. TLC was performed with E. Merck
precoated TLC plates, silica gel 30F-245, with visualization by UV
light and by charring with H,S0, (10%) or cerium(lV) sulfate (0.2%
w/v)/ammonium molybdate (5% w/v) in H,50, (2 M) or ninhydrin
(0.1%) in EtOH. Column chromatography was carried out with
Silica Gel 60 (E. Merck, 230-400 mesh). In the FABMS spectra, the
primary beam consisted of Xe atoms with a maximum energy of
8 keV. The samples were dissolved in m-nitrobenzyl alcohol or thio-
glycero! as the matrixes and the positive ions were separated and
accelerated over a potential of 7 keV. Nal was added as cationizing
agent. Dulbecco’s Modified Eagle’s Medium (DMEM) and foetal
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bovine serum (FBS) were obtained from Life Technologies Inc.
(Rockville, MD, USA).

5-Deoxy-1,2-O-isopropylidene-5-(N'-octylureido)-a-p-glucofura-
nose (8): A solution of 5-azido-5-deoxy-1,2-O-isopropylidene-6-O-
tetrahydropyranyl-a-o-glucofuranose”™ (7, 3.0 g, 9.1 mol) in MeOH
(50 mL) was hydrogenated at atmospheric pressure for 1 h using
Pd (10%)/C (900 mg total) as catalyst. The suspension was filtered
through Celite and concentrated. The resulting residue was dis-
solved in MeOH (100 mL), octyl isocyanate (2.5 mL, 1.0 equiv) was
added and the reaction mixture was stirred at RT for 12 h, After
conventional work up, the crude material was dissolved in CH,Cl,/
MeOH (1:1, 120mL) and p-toluenesulfonic acid (2.6 mmol) was
added. The reaction mixture was stirred for 2 h at RT, diluted with
CH,Cl, {60 mL), washed with saturated, aqueous NaHCO, (2x
50 mL), dried (MgSO,) and concentrated. The resulting residue was
purified by column chromatography (EtOAc/petroleum ether 1:1
~+ 2:1). Yield: 4.06 g (93%); R;=0.45 (EtOAc/petroleum ether 3:1);
lalo=+41.7 {c=1.2 in CH,CL); 'H NMR (300 MHz, CDCL): 6=5.85
{d, /,,=3.6 Hz, TH; H-1), 5.80 (brs, 1H; OH), 5.33 (d, Jsuu=8.1 Hz,
TH; NH), 5.00 (t, *Jyycn, =54 Hz, 1H; N'H), 451 (d, 1H; H-2), 4.02
(d, Jy4=1.8Hz, 1H; H-3), 3.96 (dd, J,5==10.2 Hz, 1H; H-4), 3.92 (dd,
Joago=11.2 Hz, Js¢,=2.6 Hz, 1H; H-63), 4.84 (m, 1H; H-5), 3.67 (dd,
Jsgn=26Hz, 1H; H-6b), 3.07 (m, 2H; CH,N), 143, 1.25 (25, 6H;
CMey), 142 (m, 2H; CH,CH,N), 1.21 (m, 10H; CH,), 0.81 {t, Y=
6.4 Hz, 3H; CH,); CNMR (75.5 MHz, CDCLy): §=159.1 (CO), 111.5
(CMe,), 105.1 (C-1), 84.6 (C-2), 80.3 (C-4), 74.1 (C-3), 62.3 (C-6), 49.2
(C-5), 40.7 {CH,N), 31.8, 30.1, 29.3, 29.2, (CH,), 26.9, 26.7 {CMe,),
26.0, 22,7 {CH,), 14.1 (CH,); FABMS: m/z 397 {M+Na}*, 375 IM+HI™;
HRCIMS: calcd for C,gH3sN,O4: 375.2495, found 375.2487.

5-Amino-5-deoxy-1,2-O-isopropylidene-5-N,6-0-{N'-octylimino-
methylidene)-a-p-glucofuranose (9): Methanesulfonic chloride
(0.38 mL, 4.85 mmol, 1.1 equiv) was added to a solution of the cor-
responding ureido derivative 8 (1.65g, 441 mmol} in pyridine
(44 mL) at —~20°C, under Ar atmosphere. The reaction mixture was
stirred for 12 h and allowed to warm to RT. Then, the solvent was
removed under reduced pressure and the resuiting residue was co-
evaporated several times with toluene. The residue was dissolved
in CH,Cl,, filtered, concentrated, and purified by column chroma-
tography (EtOAc/EtOH 20:1 and EtOAC/EtOH/H,0 45:5:3). Yield:
1,26 g (80%); [tlp=+11.3 {c=1.5 CH,Cl); R=0.25 (EtOAc/EtOH/
H,0 45:5:3); "H NMR (300 MHz, CDCly): =6.63 (brs, 1H; OH), 5.86
(d, J,,=3.5 Hz, 1H; H-1), 462 {m, 1H; H-6a), 4.51 (d, 1 H; H-2), 4.49
(dd, Joeo=9.8 Hz, Jsg,=3.4 Hz, TH; H-6a), 437 (m, 1H; H-5), 4.33
(d, J;,==3.1 Hz, 1H; H-3), 4.02 (dd, J,5=83 Hz, 1H; H-4), 318 (t,
2Jyu=7.3 Hz, 2H; CH,N), 1.51 (m, 2H; CH,CH,N), 142, 1.24 (25, 6H;
CMe,), 1.23 (m, 10H; CH,), 0.81 (t, *J,,=6.9 Hz, 3H; CH;); *C NMR
{75.5 MHz, CDCly): 6=161.9 (CN), 111.9 (CMe,), 105.5 (C-1), 85.6 (C-
2), 82,5 (C-4), 73.6 {C-3), 70.7 (C-6), 56.1 {C-5), 42.9 (CH,N), 31.7,
29.4, 292, 29.1 (CH,), 27.0, 26.6 (CMe,), 22.6 (CH,CH,), 14.1 (CHy);
CIMS: m/z 357 IM+HI"; HRCIMS: calcd. for CgHyN,0s: 357.2389,
found 357.2389.

5-N,6-0-(N'-Octyliminomethylidene)nojirimycin (NOI-NJ, 1) The
p-glucofuranose precursor 9 (1.09 g, 3.06 mmol) was treated with
TEA/H,0 (9:1, 10 mL) for 2 min at 0°C, concentrated under reduced
pressure, coevaporated several times with water, neutralized with
Amberlite IRA-68 (OH™) ion-exchange resin, and subjected to
column chromatography (MeCN—MeCN/H,0 50:1—=MeCN/H,0
10:1) to give 1 (823 mg, 85%) as an amorphous solid. R=0.39
(MeCN/H,O/NH,OH 10:1:1); {olp=-50 (=10 in H,0); 'HNMR
(500 MHz, D,O): 6=5.74 (d, J,,=3.8Hz, 1H; H-1), 522 (, Jeeo=
Jssa=89 Hz, 1H; H-6a), 4.90 (t, Jsq,=8.9 Hz, 1H; H-6b), 445 (dt,
Jos=9.5Hz, 1H; H-5), 3.95 (t, J,3=4,,=9.5Hz, 1H; H-3), 3.83 (dd,

TH; H-2), 3.80 (t, 1H; H-4), 3.57 (td, 2,y =7.1 Hz, 3yy=4.2 Hz, 2H;
CH,N), 1.53 (m, 2H; CH,CH,N), 1.24 (m, 10H; 5 CH,), 0.87 (t, 3H;
CH,); *CNMR (75.5 MHz, D,0): =158.7 (CN), 74.9 (C-1), 73.9 (C-2),
73.0 (C-4), 71.9 (C-3), 70.9 (C-6), 56.2 (C-5), 43.2 (CH,N), 31.2, 284,
282, 258, (5CH,), 283 (CH,CH,N), 22.1 (CH,CHy), 135 (CH,).
FABMS: m/z 317 [M+H]'; elemental analysis caled (%) for
CysHaeN,05: € 56.94, H 8.92, N 8.85; found: C 56.67, H 8.88, N 8.74.

3-0-Benzoy!-1,2-O-isopropylidene-6-O-trityl-a-o-galactofuranose
(11): Trityl chloride (6.5 g, 23 mmol, 1.5 equiv) and DMAP (376 mg,
3.1 mmol, 0.2 equiv) were added to a solution of 3-O-benzoyl-1,2-
O-isopropylidene-o-p-galactofuranose®? {10, 5g, 154 mmol) in
CH,Cl, (9.5 mb) and pyridine {25 mL). The solution was stirred at
40°C under Ar for 18 h, then poured into ice water (10 mL) and
the aqueous phase was extracted with CH,Cl, (2x25 mL). The com-
bined organic extracts were washed with iced aqueous AcOH
(10%, 2x15mi), saturated aqueous NaHCO; (15mL), dried
(MgS0,), and concentrated. The residue was purified by column
chromatography (EtOAc/petroleum ether 1:4—1:3) to give 11
(7.8 g, 90%). R;=0.35 (EtOAc/petroleum ether 1:3); [alp=146 (c=
1.0 in CH,Ch); "H NMR (500 MHz, CDCly): 6 =8.00-7.16 (m, 20H;
Ph), 5.96 (d, J,,=4.0Hz, 1H; H-1), 5.32 (d, J;,=25Hz, TH; H-3),
473 (d, 1H; H-2), 441 (dd, J,5=6.5 Hz, 1H; H-4), 404 (m, 1H; H-5),
331 (dd, Jeen=10.0Hz, L =50Hz, 1H; H-6a), 327 (dd, Jq=
5.5 Hz, 1H; H-6b), 2.69 (d, Jous=5.0Hz, 1H; OH), 157, 1.32 (25,
6H; CMe,); *C NMR (125.7 MHz, CDCly): 6 =165.5 (CO), 143.8-127.0
(Ph), 113.1 (CMe,), 105.5 {C-1), 86.9 {CPh,), 86.1 (C-4), 85.3 (C-2),
78,7 (C-3), 69.9 (C-5), 64.9 (C-6), 26.8, 26.1 (CMey); IR (KBN): v, =
3412, 3047, 2991, 1720, 1633, 1490, 1379, 1267, 1069 cm™"; FABMS:
m/z 589 [M+Nal'; elemental analysis calcd (%) for CyH;,0, C
74.19, H 6.05; found: C 73.92, H 5.84.

3-0-Benzoyl-1,2-O-isopropylidene-6-O-trityl-p-L-altrofuranose
(12): Pyridine (1.38 mL) and trifluoromethanesulfonic anhydride
(2.16 mL, 13.1 mmol) were added to a solution of 11 (493 g,
8.72 mmol) in CH,CI, (23 mL) at —25°C under nitrogen. The reac-
tion mixture was allowed to reach RT and further stirred for
30 min. The mixture was diluted with CH,Cl, (15 mi), washed with
iced saturated aqueous NaHCO, (15 ml), dried (MgSQO,), and con-
centrated. The resulting triflate ester was dissolved in DMF (22 ml),
NaNO, (2.71 g, 39.3 mmol) was added and the reaction mixture
was stirred at RT under Ar for 18 h. The solvent was removed
under reduced pressure and the resulting residue was dissolved in
CH,Cl, (15 mL) and washed with water (8 mL). The organic extract
was dried (MgSO,), concentrated and the residue was purified by
column chromatography (EtOAc/toluene 1:20—1:10) to give 12
(2.24 g, 46%); R,=0.64 (EtOAc/toluene 1:10); [al, -6.7 {(c=1.0 in
CH,CL,); 'H NMR (500 MHz, CDCly): 6 =8.07-7.18 (m, 20H; Ph), 6.00
(d, Ji;=3.9 Hz, 1H; H-1), 568 {d, J;5=13 Hz, 1 H; H-3), 461 (d, 1H;
H-2), 442 (dd, J,s=8.7 Hz, 1H; H-4), 4.18 (m, 1H; H-5), 3.46 (dd,
Jonep=9.5 Hz, J55,=3.7 Hz, 1H; H-62), 3.40 (dd, Js =55 Hz, 1H; H-
6b), 2.74 (d, Jous=54Hz, 1H; OH), 1.58, 136 (25, 6H; CMe,);
BC NMR (125.7 MHz, CDCl,): 6=165.6 (CO), 143.8-125.3 (Ph), 112.7
(CMe,), 106.0 (C-1), 86.9 {CPh,), 859 (C-4), 85.0 (C-2), 78.3 (C-3),
70.4 (C-5), 64.2 (C-6), 26.8, 25.9 {CMe,); IR (KBr) v, =3524, 3059,
2988, 1723, 1601, 1480, 1379, 1267, 1092 cm™"; FABMS: m/z 589
[M+Na]™; elemental analysis calcd (%) for CgHy0,: C 7419, H
6.05; found: C 74.19, H 5.81.

5-Azido-3-O-benzoyl-5-deoxy-1,2-O-isopropylidene-u-p-galacto-

furanose (13): Pyridine (0.65mL) and trifluoromethanesulfonic
anhydride (0.91 mL, 5.54 mmol) were added to a solution of 12
{1.86 g, 3.69 mmol) in CH,Cl, (11 mL) at —25°C under nitrogen. The
reaction mixture was allowed to reach RT and further stirred for
30 min. The mixture was diluted with CH,Cl, (10 mL), washed with

2788 www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2009, 10, 2780~2792



Bicyclic Nojirimycin Analogues as Chemical Chaperones

iced saturated aqueous NaHCO; (10 mL), dried (MgSO,), and con-
centrated. The resulting triflate ester was dissolved in DMF {16 mL),
NaN; (1.2 g, 18.5 mmol) was added and the reaction mixture was
stirred at RT under Ar for 18 h. The solvent was removed under
diminished pressure and the resulting residue was dissolved in
CH,Cl, (15 mL) and washed with water (10 mL). The organic extract
was dried (MgSO,) and evaporated. The resulting product was dis-
solved in CH,Cl, (27 mL) at 0°C and BFy/Et,0 (1.08 mL) and MeOH
(5.4 mL) were added. The reaction mixture was allowed to reach
RT and stirred for 2 h, diluted with CH,Cl, (10 mL), then washed
with saturated agueous NaHCO, {2x8 ml), dried (MgS0,), and con-
centrated. The resulting residue was purified by column chroma-
tography (EtOAc/petroleum ether 1:5—1:2) to give 13 (771 mg,
60%); R; 0.45 (EtOAc/petroleum ether1:2): [a)p=-23.9 {(c=0.7 in
CH,CL); "H NMR (300 MHz, CDCly): 6=8.06-7.45 (m, 5H; Ph), 6.10
{d, J1,=4.0Hz, 1H; H-1), 539 (d, /35=1.7 Hz, 1H; H-3), 488 (d, 1H;
H-2), 433 (dd, J,5=9.2 Hz, 1H; H-4), 3.95 (m, 2H, H-5; H-6a), 3.86
(dd, Jeeo=120Hz, Jog,=56Hz, 1H; H-6b), 260 (brs, 1H; OH),
1.65, 1.39 (25, 6H; CMey); “CNMR (75.5 MHz, CDCLy): 6=166.1
(CQ), 133.9-128.6 (Ph), 113.2 (CMe,), 105.8 (C-1), 86.3 (C-4), 84.4 (C-
2), 78.2 {C-3), 63.5 (C-5), 62.7 (C-6), 26.7, 25.8 (CMe,); IR (KBr) v 0=
3507, 3031, 2988, 2101, 1723, 1381, 1269, 1113 cm™"; FABMS: m/z
372 [M+Nal™; elemental analysis calcd (%) for CigHoN;Oq: C 55.01,
H, 5.48, N 12.03; found: C 54.96, H 5.38, N 11.71.

5-Azido-3-0O-benzoyl-5,6-dideoxy-6-iodo-1,2-O-isopropylidene-a-
p-galactofuranose (14): |, (1.4 g, 5.52 mmol, 2.0 equiv) was slowly
added to a solution of PPh; (868 mg, 3.31 mmol, 1.2 equiv) and
imidazole (470 mg, 6.9 mmol, 2.5 equiv) in dry toluene (29 mlL)
heated at 50°C. After stirring for 30 min, a solution of 13 {963 mg,
2.76 mmol) in toluene (9.7 mL) was added dropwise and the reac-
tion mixture was stirred at 70°C for 2 h. The solvent was removed
under reduced pressure and the resulting residue was purified by
column chromatography (1:4 EtOAc/petroleum ether) to give 14
(1.06 g, 84%); R;=0.56 {EtOAc/petroleum ether 1:3); [cd)p=—12.6
{c=1.0 in CH,Cl,); 'H NMR (300 MHz, CDCl,): =8.07-7.28 (m, 5H;
Ph), 6,05 (d, J,;=4.0Hz, TH; H-1), 534 (d, J3,=26Hz, 1H; H-3),
4.85 (d, TH; H-2), 421 (dd, J,5=7.8 Hz, 1H; H-4), 3.98 (ddd, J5¢, =
8.1 Hz, Jsg,=42 Hz, 1H; H-5), 3.54 (dd, J,e=10.8 Hz, 1H; H-6a),
323 (dd, 1H; H-6b), 1.66, 1.39 (25, 6H; CMe,); *C NMR (75.5 MHz,
CDClL): 6=165.6 (CO), 133.8-128.6 (Ph), 113.6 {CMe,), 105.6 (C-1),
87.2 {C-4), 84.8 (C-2), 78.0 {C-3), 63.5 (C-5), 26.8, 26.0 (CMe,), 3.4 (C-
6); IR (KBY) vmas=3031, 2936, 2113, 1724, 1602, 1472, 1376, 1263,
1111, 1024 cm™'; FABMS: m/z 444 [M—15]*; elemental analysis
caled (96) for CgH 4IN3O;5: C 41,85, H 3.95; N 9.15; found: C 41.72, H
3,90, N 9.01.

5,6-Diazido-3-0O-benzoyl-5,6-dideoxy-1,2-0O-isopropylidene-a-po-

galactofuranase (15): NaN; (224 mg, 3.44 mmol) was added to a
solution of 14 (316 mg, 0.69 mmol) in DMF (7 mL), and the reaction
mixture was stirred at 80°C under Ar for 12 h. The solvent was
removed under reduced pressure and the resulting residue was
dissolved in CH,Cl, (20 mL) and washed with water (10 mL). The
organic extract was dried {(MgSO,), filtered and concentrated. The
resulting residue was purified by column chromatography (EtOAc/
petroleum ether 1:4) to give 26 (258 mg, 95%); R=0.52 (EtOAc/
petroleum ether 1:3); [al,=—384 (c=10 in CHCl); "HNMR
(300 MHz, CDCly): 6=8.06-7.46 (m, 5H; Ph), 6.07 (d, J,,=4.0Hz,
1H; H-1), 5.33 (d, J;,=23 Hz, 1H; H-3), 4.86 (d, 1H; H-2), 419 (dd,
J,s=8.4 Hz, 1H; H-4), 400 (ddd, Jsg=74Hz, J;5,=4.0 Hz, 1H; H-
5), 3.67 (dd, Js,e,=13.0Hz, 1H; H-6a), 3.47 {dd, 1H; H-6b), 1.66,
1.39 {25, 6H; CMe,); *CNMR (75.5 MHz, CDCly): d=165.6 (CO),
133.8-128.6 (Ph), 113.5 (CMe,), 105.7 (C-1), 85.7 (C-4), 84.6 (C-2),
77.8 (C-3), 62.0 (C-5), 51.8 (C-6), 26.8, 259 {CMey); IR (KBr) vpp=

3030, 2989, 2102, 1723, 1602, 1450, 1374, 1265, 1112, 1024 cm™;
FABMS: m/z 359 [M-15]"; elemental analysis calcd (%) for
CisH1gNgOs: € 51.33, H, 4.85, N 2245, found: C 51.09, H 4.65, N,

21.99.

5,6-Diamino-5,6-dideoxy-1,2-0-isopropylidene-a-o-galactofura-
nose 5,6-(cyclic thiourea) (16): Methanolic NaMeO (1, 0.1 equiv
per mol of acetate) was added to a solution of 15 (258 mg,
0.69 mmol) in dry MeOH (6 mL). The reaction mixture was stirred
at RT for 1 h, then neutralized with Amberlite IRA-120 (H*) ion-ex-
change resin, concentrated, and the resulting residue was purified
by column chromatography using EtOAc/petroleum ether 1:1 as
eluent. A solution of the resulting solid (166 mg, 0.61 mmol) in
MeOH (3.3 mL) was hydrogenated at atmospheric pressure for 1 h
by using 10% Pd/C (117 mg) as catalyst. The suspension was fil-
tered through Celite and concentrated to give the corresponding
diarmine that was used in the next step without further purification.
CS, (0.3 ml, 4.88 mmol, 8equiv) and DCC (138 mg, 0.67 mmol,
1.1 equiv) were added to a solution of the diamine derivative in
CH,dl, (7 mL). The reaction mixture was stirred for 1 h and then
concentrated. The resulting residue was purified by column chro-
matography (CH,Cl,/MeOH 30:1—10:1) to give 16 (124 mg, 69%);
Ri=044 (CH,Cl,/MeOH 10:1); [olp=--123.8 (c=1.0 in MeOH);
'H NMR (300 MHz, CD,0D): 6=5.88 (d, J,,=3.7 Hz, 1H; H-1), 451
(d, TH; H-2), 4.21 (ddd, J55,=10.1 Hz, J,5=9.1 Hz, Js¢,=6.4 Hz, 1H;
H-5), 400 {d, J;,=22Hz, 1H; H-3), 3.86 {(dd, 1H; H-4), 3.76 (t,
Jeaen=10.1 Hz, 1H; H-6a), 3.47 (dd, 1H; H-6b), 1.66, 1.39 (25, 6H;
CMe,); ®CNMR (75.5 MHz, CD,0D): 6=183.6 (CS), 113.9 (CMe,),
107.1 (C-1), 90.3 (C-4), 88.4 (C-2), 76.5 (C-3), 59.9 (C-5), 47.7 (C-6),
27.3, 26,2 (CMey); IR (KBF) vmor = 3379, 2989, 1634, 1510, 1381, 1292,
1198, 1068 cm™; UV (CH,CL) 242 nm (e, 16.8); FABMS: m/z 261
[M+H}*; elemental analysis calcd (%) for CioH:sN,0,S: C 46.14, H
6.20, N, 10.76; found: C 45.98; H 6.26, N 10.54,

5,6-Diamino-5,6-dideoxy-1,2-O-isopropylidene-a-p-galactofura-
nose 5,6-{cyclic S-methyithiouronium) iodide (17): A solution of
16 (127 mg, 049 mmol) and methyl iodide (153 ul, 5equiv) in
MeOH (5 ml) was heated under reflux (70°C) during 2 h and con-
centrated. The resulting residue was purified by column chroma-
tography using 70:10:1 CH,(),/MeOH-H,0 as eluent to give 17
(181 mg, 91%); R;=0.36 (CH,Cl,/MeOH 40:10:1); [ulpb=-978 (c=
1.0 in MeOH); 'TH NMR (300 MHz, CD;0D): =591 (d, J,,=3.7 Hz,
1H; H-1), 455 (m, TH; H-5), 454 (d, 1H; H-2), 4.10 (t, Jyen=Jssa =
11.0 Hz, 1H; H-6a), 4.08 {(d, Js,=2.7Hz, 1H; H-3), 3.94 (dd, J,5s=
8.7 Hz, 1H; H-4), 377 (dd, Jsg=6.8Hz, 1H; H-6b), 2.66 (s, 3H;
SMe), 1.50, 1.31 (25, 6H; CMe,); *C NMR (75.5 MHz, CD,0D): 6=
172.8 (SCN), 114.1 (CMe,), 107.1 (C-1), 89.5 (C-4), 88.4 (C-2), 76.2 (C-
3), 61.3 (C-5), 49.2 (C-6), 27.4, 263 {CMe,), 14.0 (SMe); IR (KBr)
Vinax = 3365, 2936, 1554, 1378, 1215, 1026 cm™'; FABMS: m/z 297
[M—I+Nalt, 275 [M-II*); elemental analysis calcd (%) for
CyHelN,0,5: C 3284, H 476, N 6.96; found: C 3281, H 4.72, N
6.82,

5,6- Diamino-5,6-dideoxy-1,2-O-isopropylidene-5,6-di-N-(N"-octyl-
iminomethylidene)-u-p-galactofuranose hydrochloride (18): A
solution of 17 (181 mg, 0.45 mmol) and n-octylamine, (1.5 equiv) in
DMF {10 mL) was heated at 70°C under Ar during 18 h and con-
centrated. The resulting residue was purified by column chroma-
tography (CH,Cl,/MeOH/H,0 90:10:1 — 80:10:1) and freeze dried
from an aqueous HCl solution {pH 5) to give 18 (138 mg, 78%),
Ry=038 (CH,CI,/MeOH/H,0 70:10:1); [alp=-273 (c=10 in
MeOH); 'H NMR (300 MHz, CD;0D): §=5.93 (d, J,,=3.7 Hz, 1H; H-
1), 457 (d, 1H; H-2), 431 {m, 1H; H-5), 408 (d, J;,=2.5Hz, 1H; H-
3), 3.89 (dd, J,s=9.0 Hz, 1H; H-4), 3.87 {t, Jueo =J56=100Hz, TH;
H-6a), 3.23 {t, J;4 =100 Hz, TH; H-6b), 3.23 (t, *Jyuy=7.1Hz, 2H;
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CH,N), 1.60 {m, 2H; CH,CH,N), 1.53, 1.34 (25, 6H; CMe,), 1.35 (m,
T0H; CHy), 0.92 (t, yu=7.0Hz, 3H; CHy); “CNMR (755 MHz,
CD;0D): §=160.4 (CN), 114.0 (CMe,), 107.1 (C-1), 89.9 (C-4), 88.4 (C-
2), 76.3 (C-3), 58.1 (C-5), 46.1 (C-6), 43.9 (CH,N), 32.9, 303, 30.2,
30.1 (CH,y), 27.6 (CH,), 27.4, 26.2 (CMe,), 23.6 (CH,CH,), 14.4 (CH,); IR
{KBN) ¥ae==3401, 2924, 1673, 1592, 1462, 1378, 1215, 1015 cm™";
FABMS: m/z 356 [M+H]*; elemental analysis calcd (%) for
CigH3,CIN;O4H,0: € 52,74, H 8.85, N 10.25; found: C 52,61, H 862,
N 10.24.

6-Amino-6-deoxy-5,6-di-N-(N'-octyliminomethylidene)galactono-
jirimycin hydrochloride {6N-NOI-GNJ, 6): A solution of 18
{0.41 mmol) in 90% TFA-H,0 (1.7 mL) was stirred at 0°C for 1h,
concentrated under reduced pressure, coevaporated several times
with water, treated with NaOH 0.1 n until it reached pH 8, subject-
ed to column chromatography (MeCN/H,O/NH,OH 4:1:1), then to
GPC (Sephadex G-10, 1:1 MeOH/H,0) and finally freeze dried from
an aqueous HCl solution (pH 5) to give 6 (101 mg, 70%) as an
amorphous solid. R=0.33 (MeCN/H,O/NH,OH 4:1:1); [a]l,=—-19
(c=1.0, H,0); [al5;s= —3.9 (c= 1.0 in H,0); 'H NMR (500 MHz, D,0):
0=542(d, J,,=40Hz, TH; H-1), 428 (t, o5, = Js 5o =9.8 Hz, 1H; H-
5), 4.01 (brs, TH; H-4), 3.85 (dd, J,3=10.3 Hz, J;,=2.8 Hz, 1H; H-3),
377 {dd, 1H; H-2), 3.72 (¢, J,»=9.8 Hz, 1H; H-6a), 3,59 (¢, 1H; H-
6b), 3.18 (t, ¥, =7.0 Hz, 2H; CH,N), 1.53 (m, 2H; CH,CH,N), 1.23
{m, 10H; CH,), 0.80 (t, *yyy=7.0 Hz, 3H; CH;); “C NMR (125.7 MHz,
D,0): 6=155.9 (CN), 74.1 (C-1), 69.2 (C-3), 68.1 (C-4), 67.8 (C-2),
55.7 (C-5), 42.9 {CH,N), 41.7 (C-6), 31.0, 28.3, 28.2, 28,0, 25.7 (CHY),
22.0 (CH,CH5), 13.4 (CHy); FABMS: m/z 316 (M+H-Cl}*); elemental
analysis calcd (%) for CysHy0CIN;O,H,0: C 4871, H 872, N 11.36;
found: C 48.84, H 8.72, N 11.25.

General procedure for the inhibition assay against the commer-
cial enzymes: Inhibitory potencies were determined by spectro-
photometrically measuring the residual hydrolytic activities of the
glycosidases against the respective o- (for cytosolic B-glucosidase/
[B-galactosidase from bovine liver and f-galactosidase from E. coli)
or p-nitrophenyl a- or B-p-glycopyranoside or a,o'-trehalose (for
trehalase), in the presence of the corresponding guanidine deriva-
tive. Each assay was performed in phosphate buffer at the optimal
pH for each enzyme. The Ky values for the different glycosidases
used in the tests and the corresponding working pHs are listed
herein: a-glucosidase (yeast), Ky=0.35mm (pH 6.8); isomaltase
(yeast) Ky=1.0 mm (pH 6.8), B-glucosidase {almonds), K,=3.5 mm
(pH 7.3); B-glucosidase/B-galactosidase (bovine liver), Ky=2.0 mm
{pH 7.3); B-galactosidase (E. col), Ky=0.12 mm (pH 7.3); u-galacto-
sidase (coffee beans), Ky=2.0 mmM (pH 6.8); trehalase (pig kidney),
Ku=4.0mm (pH 6.2); naringinase (Penicillium decumbens), Ky=
2.7 mm (pH 6.8); a-mannosidase (Jack bean), Ky=2.0 mm (pH 5.5);
B-mannosidase {Helix pomatia), Kx=0.57 mm (pH 5.5). The reac-
tions were initiated by addition of enzyme to a solution of the sub-
strate in the absence or presence of various concentrations of in-
hibitor, After the mixture was incubated for 10-30 min at 37°C or
55°C the reaction was quenched by addition of Na,CO, (1 M) or a
solution of Glc-Trinder (Sigma, for trehalase). The absorbance of
the resulting mixture was determined at 405 nm or 505 nm. The K
value and enzyme inhibition mode were determined from the
slope of Lineweaver-Burk plots and double reciprocal analysis.
Representative examples of the Lineweaver-Burk plots, with typical
profiles for competitive inhibition mode, are shown in the Support-
ing Information (Figure 195-225).

Cell cultures: Human skin fibroblasts were cultured in DMEM/FBS
{10%) at 37°C in a humidified atmosphere containing CO, (5%).
For fibroblasts, we used three control cell lines (H8, H22, and H37)
and seven lines of GD cells. Six cell lines carried f-Glu mutations of

F2131/F213|, G202R/L444P, N188S/G193W, F2131444P, 1444P/
RecNcil and L444P/L444P. These cells were from Japanese patients.
The other line of GD cells that carried the N370S homozygous mu-
tation was from Caucasian patients (a gift from Prof. C. Kaneski
and R. O. Brady). Culture medium was replaced every 2 days with
fresh media supplemented with or without compounds at the indi-
cated concentrations. In all cases, informed, signed con sent was
obtained from either the patient or next of kin.

In vitro enzyme assay: Lysosomal enzyme activities in cezll lysates
were determined as described.®®%%% Briefly, cells were scraped
into ice-cold H,0 (10° cells mL™") and lysed by sonication. Insoluble
materials were removed by centrifugation at 15000 rpm -for 5 min
and protein concentrations were determined with a BCA micropro-
tein assay kit (Pierce). The lysates (10 uL) were incubated at 37°C
with the substrate solution (20 L) in citrate buffer (0.1m, pH 4.5),
The substrates were 4-methylumbelliferone-conjugated o -o-gluco-
pyranoside (for a-glucosidase), a-p-galactopyranoside (for' a-galac-
tosidase), P-p-galactopyranoside (for B-galactosidase), and N-
acetyl-B-p-glucosaminide (for B-hexosaminidase). 8-Glu ac tivities in
cell lysates were determined by using 4-methylumbellifer one-con-
jugated B-o-glucopyranoside as a substrate. The lysate's (10 pb)
were incubated at 37°C with the substrate solution (20 pd) in cit-
rate buffer (0.1 m, pH 5.2 or pH 7), supplemented with sod tum taur-
ocholate (0.8% w/v). The reactions were terminated by ad ding gly-
cine sodium hydroxide buffer (0.2 mL, 0.2m, pH 10.7). The liberated
4-methylumbelliferone was measured with a Perkin-Elreer Lumi-
nescence Spectrometer (A,: 340 nm; A.,: 460 nm). Ones unit of
enzyme activity was defined as nmol of 4-methylumbelliferone
released per hour and normalized for the amount of protein con-
tained in the lysates.

In situ cell enzyme assay: -Glu activities in live cells veere esti-
mated by the methods described by Sawkar et al.?® with imodifica-
tion. Briefly, cells in 96-well assay plates were treated with com-
pounds for 4 days. After washing with PBS, the cells were incubat-
ed in PBS (8 ul) and acetate buffer (8 ul, 0.2m, pH 4.0). The re-
action was started by addition 4-methylumbelliferyl-$-o-glucoside
(10 ut, 5 mm), followed by incubation at 37°C for 1 h. The reaction
was stopped by lysing the cells by the addition of glycine buffer
(200 pL, 0.2M, pH 10.7) and the liberated 4-methylumbselliferone
was quantified. Every experiment was performed in parallel with
cells that had been preincubated with or without comduritol B
epoxide (0.5 mm, CBE, Toronto Research Chemicals, Carada) for
1 h. The CBE-sensitive component was ascribed to lysosonmal §-Glu,
whereas the CBE-insensitive component was ascribed to nonlyso-
somal -Glu.

Cytotoxicity assay: The cytotoxicity assay was performed by using
the colorimetric assay reagent TetraColor One (Seikagak u, Tokyo,
Japan),® according to the manufacturer's instructions. Fi broblasts
were seeded on a 96-well assay plate at a density of 3.03<10* cells
mL™" medium and incubated for 4 days with chaperon-es. Then,
the TetraColor One reagent (10 pl) was added to each =well, and
cells were further incubated for 2 h. The absorbance at 450 nm
was then measured with a reference wavelength at 630 rim in the
microplate reader. Measurements were repeated in triplicate and
then averaged for each sample.
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REVIEW ARTICLE

Gem-diamine 1-N-iminosugars as versatile
glycomimetics: synthesis, biological activity
and therapeutic potential

Yoshio Nishimura

Iminosugars, which carry a basic nitrogen in the carbohydrate ring, have attracted increasing interest as new glycomimetics.
Gem-diamine 1-N-iminosugars, a new class of iminosugars, have a nitrogen atom in place of the anomeric carbon. Various kinds
of 1-N-iminosugars have been synthesized from glyconolactones as a chiral source in a totally stereospecific manner and/or by
the convergent strategy from siastatin B, a secondary metabolite of Streptomyces. The protonated form of 1-N-iminosugar
mimics the charge at the anomeric position in the transition state of enzymatic glycosidic hydrolysis, resulting in a strong and
specific inhibition of glycosidases and glycosyltransferases. They have been recently recognized as a new source of therapeutic

drug candidates in a wide range of diseases associated with the carbohydrate metabolism of glycoconjugates, such as tumor
metastasis, influenza virus infection, lysosomal storage disorder and so forth.
The Journal of Antibiotics (2009) 62, 407-423; doi:10.1038/ja.2009.53; published online 3 July 2009

Keywords: glycosidase inhibitor; heparanase inhibitor; influenza virus infection; lysosomal storage disease; 1-N-iminosugar;

siastatin B; tumor metastasis

INTRODUCTION

Iminosugars, which are carbohydrate analogs that most frequently
carry the nitrogen atom at the position of the endocyclic oxygen, form
the most attractive class of glycomimetics reported so far.! Several
types of iminosugars have been discovered from natural sources™?
since nojirimycin® was first isolated as an antibiotic from Streptomyces
culture in 1966. Many more have also been synthesized on the basis of
enzymatic glycoside biosynthesis."* Of late, they have gained remark-
able importance not only as molecular tools to unravel the manner in
which glycoconjugates regulate various biological functions, but also
as new therapeutic agents in a wide range of diseases associated with
the metabolism of carbohydrates.

In 1974, siastatin B (1), an unusual iminosugar, was isolated as an
inthibitor against neuraminidases (NAs) from Streptomyces culture’
Siastatin B (1) also inhibits B-p-glucuronidase and N-acetyl-
B-p-glucosaminidase. We recognized from biological activity
that siastatin B (1) structurally resembles p-glucuronic acid (2)
and N-acetyl-p-glucosamine (3), as well as N-acetylneuraminic acid
(4) (Figure 1). It is distinct from the known glycosidase inhibitors,
such as nojirimycin, that contain a nitrogen atom in place of the ring
oxygen. In the course of our study on siastatin B (1), we proposed a
new class of glycosidase inhibitors, gem-diamine 1-N-iminosugars®
(gem-diamine 1-aza-carbasugar in IUPAC nomenclature,’ cyclic
methanediamine monosaccharide, 5) in which the anomeric carbon
atom is replaced by nitrogen. We hypothesized that the protonated

form of gem-diamine 1-N-iminosugar 6 may mimic the putative
glycopyranosyl cation 7 that was formed during enzymatic glycosidic
hydrolysis (Figure 2). This turned out to be the case and led to new
findings of highly potent and specific inhibitors of glycosidases
and glycosyltransferases, as well as potential therapeutics for tumor
metastasis and so forth. On the other hand, the synthetic isofagomine
(8), another type of l-iminosugar, was developed by Bols and
colleagues in 1994.1% The isofagomine type 1 iminosugars showed a
potent inhibition of their corresponding B-glycosidase.!! These find-
ings suggest that l-iminosugars might provide another alternative to
the development of therapeutic agents based on the inhibitors of
metabolism of glycoconjugates different from the common imino-
sugars, such as Zavesca (N-n-butyl-1-deoxynojirimycin)!? used for the
treatment of Gaucher’s disease.

This review describes our current progress in the chemistry,
biochemistry and pharmacology of gem-diamine 1-N-iminosugars.

SYNTHESIS

Various types of iminosugar inhibitors, such as polyfunctional piper-
idines and pyrrolidines, have been designed on the basis of a flattened,
half-chair oxocarbenium ion-like transition state in the reaction
catalyzed by glycosidases.!*'> They are all carbohydrate mimics in
which the ring oxygen is replaced by nitrogen. On the other hand,
1-N-iminosugars have a unique structure with a nitrogen atom in
place of the anomeric carbon atom. Gem-diamine 1-N-iminosugars
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enzymatic glycosidic hydrolysis and isofagomine (8), another type of 1-
iminosugar.

have an especially unusual structure possessing the continuous
-CH(OH)-CH(OH)-CH~(NHR)-NH-CH2-CH(CH20H/COOH)-
in a framework. Their multi-functionalized structures with many
asymmetric centers in a small molecule and fascinating biological
activities have attracted intensive synthetic interest. As the interest in
this class of glycomimetics comprised analogs of both p- and
L-sugars, we have developed flexible divergent strategies applicable
to a wide range of gem-diamine 1-N-iminosugars using glyconolac-
tones as chiral substrates. Efficient and convenient synthetic meth-
odologies of gem-diamine 1-N-iminosugars were also developed from
natural siastatin B. These convergent strategies using natural siastatin
B could be useful and practical for drug development.

Total synthetic route to gem-diamine 1-N-iminosugars

The chiron strategy using p-ribono-y-lactone (9) was first adapted
for the total synthesis of siastatin B (1) and its enantiomer.'5!
p-galacturonic acid-type 2-acetamido-1-N-iminosugar was synthe-
sized in a totally stereospecific and enantiospecific manner as shown
in Scheme 1.1® The strategy involves the formation of the cyclic
methanediamine using the Mitsunobu reaction!’ on an aminal

The Journal of Antibiotics

(14— 15) and the stereospecific introduction of a carboxylic acid
group into a ketone (16 — 21) as the key steps. The synthesis of the key
intermediate, lactarn 11, commenced with L-ribose, which was trans-
formed into azido-L-ribonolactone 10 by the protection of 2,3-diol,
azide formation and oxidation. Hydrogenation of the azide group of
10 resulted in crystalline 11 with ring expansion. Stereospecific
introduction of the hydroxyl group at the C-2 position was best
achieved by hydride reduction of the protected lactam 12 followed by
the Swern oxidation to yield aminal 14. One-step stereospecific
transformation of 12 into 14 was also efficiently achieved by the
reduction of r-selectride in tetrahydrofuran. The Mitsunobu reaction
with phthalimide in dimethylformarnide was proved to quantitatively
yield the desired cyclic methanediamine 15. Replacement of the amino
substituent, removal of the fert-butyldimethylsilyl (TBDMS) group
and oxidation to 16 were carried out straightforwardly. Condensation
of 16 with nitromethane was found to proceed smoothly to quantita-
tively yield 17 as a single stereoisomer. The endocyclic nitro olefin 18
was effectively derived from 17 by acetylation followed by base-
catalyzed elimination of the acetoxy group. The crucial intermediate,
carboxylate 20, was obtained through o,B-unsaturated aldehyde 19
generated by simply warming in pyridine. Transformation of 20 into
siastatin B (1) was best achieved by the following three-step sequences:
stereoselective reduction to the o,[3-saturated hydroxymethyl com-
pound 21, oxidation and removal of protecting groups. The antipode
of 1 was also synthesized from p-ribono-1,4-lactam using the above-
mentioned method. Thus, the total synthesis also elucidated the
absolute configuration of siastatin B (1) as the (3S,45,5R,6R) isomer.

The strategy of total synthesis of siastatin B (1) is applicable to a
wide range of D-galacturonic acid-type gem-diamine 1-N-iminosugars
(Schemes 2 and 3).2021

Syntheses of p-galacturonic acid-type 2-acetamido- and trifluoroa-
cetamido-1-N-iminosugars (27a and 27b) having a hydroxyl group at
the C-5 position and their antipodes 27¢ and 274 are achieved in a
straightforward manner. The nitromethane condensation of the
ketones 23a and 23b stereospecifically proceeded to afford adducts
24a and 24b. The S-configuration at position C-5 was clarified by an
X-ray crystallographic analysis of the antipode of 23a. Successive
sequences of catalytic reduction, ninhydrin oxidation of the resultant
aminomethyl group, oxidation of the resultant aldehyde with
sodium chlorite and removal of the protecting groups afforded the
final products. The antipodes 27c and 27d were also synthesized
starting from p-ribono-1,4-lactone using similar methods that are
mentioned above.

An alternative route from the ketone 23b to p-galacturonic acid-
type 2-trifluoroactamido-1-N-iminosugar 32 was also developed
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Scheme 1 Reagents and conditions: (a) p-TsOH, Me,CO; MsCl, py; NaN3, DMSO; CrOs/py, CH,Clo (89%); (b) H,, Raney Ni, MeOH (88%); (c) TBDMSCI,
imidazole, DMF; ZCl, NaH, DMF (99%); (d) NaBHa, EtOH (96%); (e) Swern oxidation (88%); (f) L-selectride, THF (88%); (g) phthalimide, PhgP, DEAD,
DMF (100%); (h) HaN-NHp, MeOH; Ac,0, py; n-BugNF, THF; RuQ,, CHaCly (99%); (i) MeNOg, NaH, DME (100%); (j) Ac20, p-TsOH; K5CO03, PhH {100%);
(k) py, 38°C, 1 week {80%); (I) NaClOp-NaHP04, CH3CH=CMe,, H0--BuOH; MEMC!, -ProNEt, CH,Cly (55%); (m) NaBH4, THF—CF3CHO0H (75%); (n)
PDC, DMF; Hp, 10% Pd/C, MeOH; 1 m HCI, then Dowex 50W X4 (H*) eluted with 2% NH,OH (66%).

using the Wacker process oxidation of the enol ethers 28 and 29 as a
key step. The Wacker process oxidation stereospecifically proceeded to
yield carboxylate 30 as a sole product. The transformation of 30 into
32 was unexceptional.

A flexible synthetic route to four gem-diamine 1-N-iminosugars of
p- and L-uronic acid type (D-glucuronic, p-mannuronic, L-iduronic
and t-guluronic acid) from t-galactono-1,4-lactone was also devel-
oped in an enantiodivergent manner through a sequence involving as
the key steps (1) the formation of gem-diamine 1-N-iminopyranose
ring by the Mitsunobu reaction of an aminal (44— 45, 46) and (2) the
flexible introduction of a carboxylic acid group by the Wittig reaction
on a ketone, followed by hydroboration and oxidation, as well as the
Sharpless oxidation (45 and 46— 47, 48 and 55, 56) (Schemes 4 and
5).2223 The diastereoselective construction of amino and carboxylic
acid substituents at positions C-2 and C-5, respectively, on the
versatile aminal 44 led to the formation of four enantiomerically
pure stereoisomers (51, 54, 61 and 66). The Wittig reaction on the
ketone 37 derived from 1-galactono-1,4-lactone resulted in the methy-
lene derivative 38, which was converted into the diol 39. The
monoalcohol 40 was successfully obtained by the Luche reduction
of the labile aldehyde generated by the periodate oxidation of 39.
Conversion of the hydroxyl group of 40 to the azide group was best

achieved from the corresponding sulfonate by one-pot reaction in situ.
Hydrogenation of the azide group of 41 with sodium hydrogenteliur-
ide (NaTeH) was found to proceed preferentially without any effect on
the reduction of the methylene group. The pivotal intermediate,
aminal 44 was obtained as an epimeric mixture by the removal of a
TBDMS group and the Swern oxidation. The Mitsunobu reaction with
phthalimide afforded both desired epimers of iminophthalimides 45
and 46 in a 3:1 ratio. The absolute stereochemistrty and a boat
conformer of 45 were clarified by an X-ray crystallographic analysis.
Another epimer 46 was assigned its stereochernistry and boat con-
formation by the hydrogen-1 nuclear magnetic resonance (‘H-NMR)
spectrum. Hydroboration of 45 followed by oxidation efficiently
yielded the p-gluco isomer 47 and the i-idulo isomer 48 in a 2:9
ratio. Hydrazinolysis of 47 and conventional trifluoroacetylation
furnished the trifluoroacetamide 49. The ruthenium tetraoxide-cata-
lyzed Sharpless oxidation effectively yielded the carboxylic acid 50.
Removal of the protecting groups of 50 resulted in p-glucuronic acid-
type 2-trifluoroacetamido-1-N-iminosugar 51. The same sequences of
reactions also successfully resulted in r-iduronic acid-type 2-trifluor-
oacetamido-1-N-iminosugar 54 from 48. The 'H-NMR spectrum of
51 showed the ‘Cj-conformation, whereas the ! H-NMR spectrum of
54 indicated the boat conformation. On the other hand, p-mannuronic
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acid-type and 1-guluronic acid-type 1-N-iminosugars 61 and 66 were
prepared in a straightforward manner by a similar sequence of
structure transformation, except for the protection of the hydroxyl
groups of 55 and 56 before hydrazinolysis of the phthalimide group
for improvement in yield. The 'H-NMR spectra of 61 and 66 showed
the boat and 'C-conformations, respectively.

The Journal of Antibiotics

An enantioselective synthesis of L-fucose-type gem-diamine 1-N-
iminosugars from D-ribono-y-lactone was developed that used the
Mitsunobu reaction on an aminal in the gem-diamine 1-N-iminopyr-
anose ring formation (74— 75) and a stereospecific reduction of an
exo-methylene group to form the correct configuration of i-fucose
(75-76) (Scheme 6).24%5 The synthesis of the pivotal intermediate,
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CeCls, MeOH, 88%; (h) MsCl, py; NaNg, DMF, 88.7%; (i) Te, NaBH,, EtOH; (#-BuC0);0, i-ProNEt, DMF, 88%; (j) n-BugNF, THF, 100%; (k) (COCl)z, DM S0,

CHoClp, 93%; (1) PPhs, DEAD, phthalimide, DMF, 45: 61.4%; 46: 20%.

aminal 74 began with the known lactam 67. Transformation of 67 into
the diol 70 was unexceptional. The Dess—Martin oxidation of 70
followed by the Wittig reaction with methylenetriphenylphosphorane
yielded the exo-methylene 72. Removal of a protecting group of 72
and the Swern oxidation resulted in the desired aminal 74 as a sole
product. The Mitsunobu reaction of 74 with phthalimide efficiently
afforded the iminophthalimide 75. The catalytic hydrogenation of 75
yielded the desired product 76, its epimer 77 and the rearranged
derivative 78 in a ratio of 15:1:3. Compound 78 was also successfully
converted into the desired 76 on the same hydrogenation. The
expected stereochemistry and a boat conformation of 76 were clarified
by an X-ray crystallographic analysis. Hydrazinolysis of 76 yielded the
amine 79, which was transformed into the acetamide 80, the trifluor-
oacetamide 81 and the trichloroacetamide 82. Removal of the
protecting groups resulted in r-fucose-type 2-acetamido, 2-trifluor-
oacetamido and 2-trichloroacetamido-1-N-iminosugars 83, 84 and
85. Other 1-fucose-type 1-N-iminosugars 86, 87 and 88 were also
obtained from the intermediates 76, 77 and 75, respectively, by
conventional transformation. The 'H-NMR spectra of 83, 84, 85
and 86 showed !C4-conformations.

Intermediates prepared during the total synthetic route to
uronic acid-type gem-diamine 1-N-iminosugars are also available
for the synthesis of various kinds of glycose and glycosamine-type
gem-diamine 1-N-iminoisugars (Scheme 7).22

Semi-synthetic route to gem-diamine 1-N-iminosugars

Natural siastatin B (1) can also serve as a starting material in a simple
and easy route to p-galacturonic acid-type gem-diamine 1-N-imino-
sugars (Scheme 8).25%7 Transketalization using chlorotrimethylsilane
successfully proceeded to yield the ketal 94. A sequence of esterifica-
tion, hydride reduction and hydrazinolysis efficiently afforded the

amino alcohol 97, which was converted into the trifluoroacetamraide
98. The ruthenium-catalyzed Sharpless oxidation followed by the
removal of the protecting group resulted in the desired product 32.
2-Trichloroacetamido, guanidino and phthaloyl analogs 106, 107 and
108 were also prepared using similar methods.

Configurational inversion of the carboxyl group of siastatin B (1)
leads to gem-diamine 1-N-iminosugars corresponding to L-sugars.” &%
The intramolecular Michael addition of O-imidate to the o,B-urisia-
turated ester through cis oxiamination®® (Overman rearrangement,
110+111) as a key step effectively yielded r-uronic acid-type
gem-diamine 1-N-iminosugars (Schemes 9 and 10). The o,-unsatu-
rated ester 110 readily available from siastatin B (1) smoothly undler-
went cis oxiamination through the conjugate addition of the
intermediate imidate anion to result in the desired oxazoline 11X in
a good yield and a trace amount of its epimer. Hydrolysis of 111
afforded the trichloroacetamides 112 and 113, which were converted
into the amines 114 and 115, respectively, on reductive cleavage of the
trichloroacetamide group. Removal of the protecting groups of 114
and 115 resulted in 1-alturonic acid-type and L-mannuronic acid-type
2-acetamido-1-N-iminosugars 116 and 117, respectively. Another type
of 1-alturonic acid-type 2-acetamido-1-N-iminosugar 119 with a
guanidine group was also obtained by the conventional methiod.
The '"H-NMR spectra of 116, 117 and 119 showed Cy-conformatioms.
2-Trifluoroactamide analogs 130 and 133 were also prepared by~ a
similar sequence of reactions using the o,f-unsaturated ester 123
readily available from 97.

Siastatin B (1) has the correct configuration corresponding; to
p-galactose- and p-galactosamine-type gem-diamine 1-N-imirio-
sugars. Therefore, the various kinds of p-glycose and p-glycosamime-
type gem-diamine 1-N-iminosugars could be obtainable by~ a
semi-synthetic method starting from 1 (Schemes 11 and 12)%9¥
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Scheme 5 Reagents and conditions: (a) BHz-Me,S, THF; Hy0,, 2 NaOH/H20, 47: 16.6%; 48: 77.1%; 55: 50%; 56: 38%; (b) HaNNH,xH,0, MeOH;

(CF3C0)20, py, CHoCly, 49: 90%; 52: 87%; 58: 88%; 63: 79%; (c) Ru0j,

NalQy, CCly/MeCN/H0, 50: 91%; 53: 90%, 60: 92%; 65: 87%; (d) 4m HCI/

dioxane, 51: 99.7%; 54: 99%,; 61: 99.7%; 66: 91%; (e) :-Bu{Me;)SiCl, imidazole, DMF, 57: 91%; 62: 100%,; (f) n-BugNF, THF, 59: 93%; 64: 100%.

Configurational inversions at the C-4 position of 144 and 145 by
two-step reactions led to the facile synthesis of p-glucosamine and
glucose-type gem-diamine 1-N-iminosugars 150 and 151, respectively
(Scheme 13).32

BIOLOGICAL ACTIVITY

Glycoconjugates such as glycoprotein, glycolipid and proteoglycan are
ubiquitous in nearly all forms of life and are involved in cell-to-cell
communication, cell-to-cell recognition, cell adhesion, cell growth
regulation, differentiation and transport. Specific inhibitors of glyco-
sidase and glycosyltransferases are useful for unraveling the manner in
which glycoconjugates regulate biological function, and also for
developing new drugs for a wide range of diseases associated with
both the biosynthesis and degradation of glycoconjugates, namely
cancer, tumor metastasis, diabetes, lysosomal storage disorders, viral
and bacterial infections and so forth. Iminosugars generally show
potent and specific inhibition against glycosidases and glycosyl-
transferases from various organisms.l’33’35 Of these, gem-diamine
1-N-iminosugars have been proven to be highly potent and specific
inhibitors of glycosidases, glycosyltransferases and sulfotransferases,
and also potential therapeutics for tumor metastasis, lyso somal storage
disorders and other diseases. 63658

Glycosidase, glycosyltransferase and sulfotransferase inhibitory
activity

The inhibitory activities of r-fucose-type gem-diamine 1-N-imino-
sugars against glycosidases are summarized in Table 1242

The Journal of Antibiotics

The i-fucose-type 2-trifluoroacetamide 84 showed a very strong
and specific inhibition against o-1-fucosidase from bovine kidney.
Compound 84 was proved to be a competitive inhibitor by the
Lineweaver—-Burk plot, and the Ki value of 84 was determined as
5x107°M by the Dixon plot.25 The 2-trichloroacetamide 85 and
2-phthalimide 86 also strongly affected o-1-fucosidase equivalent to
the trifluoroacetamide 84. Compounds 84, 85 and 86 have been
proven to smoothly undergo the Amadori rearrangement to yield
the common intermediates, the hemiaminal 152 and the hydrated
ketone 153 at pH 6.3 (Figure 3).% The time-course evaluation of
inhibitory activities of 84, 85 and 86 in the rmedium indicates that
the hemiaminal and the hydrated ketone generated in the
medium strongly inhibit o-t-fucosidase as the real active form. The
'H-NMR spectra of the hemiaminal 152 and th e hydrated ketone 153
also clearly show their 1C4-conformation. Interestingly, the hemi-
aminal 152 has the same structure as that of synthetic r-fuco-
noeuromycin.! b 1-fuco-noeuromycin shows a potent inhibition
against o-L-fucosidase equivalent to compouinds 84, 85 and 86.
On the other hand, the stable acetamide 83 in the medium shows
a moderate inhibition against o-1-fucosidase. These results support
the hypothesis that the protonated gem-diamine 1-N-iminosugars
may mimic the presumed glycosyl cation 7 in the transition state of
the enzymatic reaction as shown in Figure 2. Compounds 87 and
88 show a weak inhibition against o-1-fucosidase. These results
also indicate that the 5-methyl group, its stereochemistry and the
1C4-conformation have important roles as maj or factors for potency
and specificity.



Role of gem-diamine 1-N-iminosugars
Y Nishimura

413
Boc
HO—~ oo N NHBoc NHBoc
ef. 16,17 . R OR'
0/ o 2 . OrR" d
TBDMSO 0
o 0
HO OH OXO OXO x
D-Ribono-y-lactone 67 b( 68: R=TBDMS, R'=H e( 71: R=0, R'=TBDMS
69: ReR'=H (72: R=CH,, R'=TBDMS
C(70: R=H, R'=TBOMS 73: R=CHp, A'=H
Boc Boc ?OC
i|300 1 HaC i
, N NPht N NPht N NPht
NR . HaG
g9 L + . 3 \
A HsC
0, 0 0. 0 0, O
O><O X < X
76 77 78
74; R=OH, R'=H
n( ! ! |
75: R=H, R'=NPht
i?oc
) NNHR HsC NH HaC NH
76 ! n NHR 76 n NPht
HsC on o
3 HO HO
0_0
< 83: R=COCH, 86
k(79= R=H 84: R=COCF,
A, 80: R=COCHyg 85: R=COCCly
81: R=COCF;
m 82: R=COCCly
H
H
. HgC ,—N NHCOCF, iLn N NHCOCFS
T 1n
77 75
HO OH HO OH
88

87
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CH2Clp; (e) PhaPMeBr, (Me3SilaNLi, THF, 0°C to rt; (f) n-BugNF, THF, rt; (g) (COCl)p, DMSO, EtsN, CHoClp, —78°C to rt; (h) phthalimide, PhaP, DEAD,
DMF, rt; (i) Ho/Pd-C, MeOH, rt; (j) HaNNH2-xH20, MeOH, 1t; (k) Ac,0, DMAP, py, rt; (1) (CF3C0),0, py, CHoCly, rt; (m) CCCOCI, py, CHLCly, 0°C; (n) 4m

HCl/dioxane, 0°C to rt.
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Scheme 7 Reagents and conditions: (a) 4 HCl/dioxane.

The inhibitory activities of uronic acid-type gem-diamine 1-N-
iminosugars against glycosidases are summarized in Table 2.7-20-22:26.27
p-glucuronic acid-type 2-trifluoroacetamido-1-N-iminosugar 51
shows a very strong inhibition against B-glucuronidase. p-uronic
acid-type gem-diamine 1-N-iminosugars, similar to the i-fucose-
type gem-diamine mentioned above, have been proven to smoothly

undergo the Amadori rearrangement to yield the hydrated ketone
155 or its derivative 156 through a hermiaminal 154 at pH>5.0
(Figure 4).%® The time-course evaluation of the inhibitory activity in
the medium also indicates that the hemiaminal and hydrated ketone
generated in the medium strongly inhibits glycuronidases. It is
reasonable to expect that the hemiaminal and hydrated ketone and
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Scheme 9 Reagents and conditions: (a) (£-BuOCO),0, i-PryNEt, MeOH (93%); (b} Acp0, i-ProNEt, DMF; MeONa, MeOH (30%); (c) PhCNp, CHaClo/MeOH
(92%); (d) CCIsCN, DBU, CHoCly (76%); {e) p-TsOH, py/H 0 (112, 77%; 113, 9%); (f) NaBH,, EtOH (~62%); (g) 4w HCl/dioxane (~96%); (h)

(BocNH)ZCS, HgClp, EtsN, DMF (88%).

its equivalent generated from 51 in the medium should closely mimic
a glycopyranosyl cation that could adapt either a chair-like or a
flattened conformational 157 and 158, respectively, in the putative
transition state of B-glucuronidase hydrolysis (Figure 5). p-galacturo-
nic acid-type 2-trifluoroacetamido-, 2-trichloroacetamido-, 2-guani-
dino- and 2-phthalimido-1-N-iminosugars 27b, 32, 106, 107 and 108

The Journal of Antibiotics

also strongly inhibit glucuronidase. These results indicate that
B-glucuronidase roughly recognizes the configuration of the 4-OH
group of glycopyranose and/or that the binding group of B-gluco-
ronidase to the 4-OH has no important vole in the specificity.
Interestingly, D-mannuronic acid-type 2-trifluoroacetamido-1-N-
iminosugar 61 also shows a strong inhibition equivalent to those of
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Scheme 12 Reagents and conditions: (a) (Me0);CHPh, TMSCI, DMF (92%); (b) MeOCH,CH,OCH,CI, i-PraNEt, DMF, 1t, 98%; (c) NaBH,, CF3CHOH/THF,
rt, 94%; (d) HaNNH,-xH20, 70°C, 83%; () CF3CO,EL, i-ProNEL, DMF, 60°C, 73%; (f) Ho/10% Pd-C, MeOH, rt, 92%; (g) 4 m HCl/dioxane, rt, 80%.

p-glucuronic~ and p-galacturonic acid-type 1-N-iminosugars 51, 32,
106, 107 and 108. The '"H-NMR spectrum of 61 shows the adoption
of a boat conformation that is different from the chair conformations

of p-glucuronic acid- and p-galacturonic acid-type 1-N-iminosugars
in solution, suggesting that the hemiaminal generated from 61 may
mimic the flattened conformation of cation 158 in the transition state
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Table 1 Inhibitory activities (ICso (m) and Ki (m)) of L-fucose-type gem-diamine 1-N-iminosugars against glycosidases

Enzyme 83 84 85 86 87 88
o-L-fucosidase® 4.8x10-7 1.1x1078 (5x10-%) 9.0x1077 1.3x10-8 1.8x10°6 7.0x1077
a-D-glucosidase? 1.8x10-4 4,7x10-5 NT NT NT NT
p-p-glucosidase® 1.0x1073% 1.2x1074 NT NT NT NT
a-p-mannosidase? >22x10"4 >1.8x1074 NT NT NT NT
B-o-mannosidase® >2.2x10"4 >1.8x10"4 NT NT NT NT
o-p-galactosidase! >2.2x107% >1.8x1074 NT NT NT NT
f-p-galactosidase! >2.2%1074 >1.8x1074 NT NT NT NT
B-o-glucuronidase® >22x10"% >1.8x1074 NT NT NT NT
o-D-NAc-galactosaminidaseh >22x10-4 >1.8x10~4 NT NT NT NT
f-0-NAc-glucosaminidase’ >2.2x1074 >1.8x10-4 NT NT CONT NT

Abbreviations: 1Csq, half maximal inhibitory concen-tration; NT, not tested.
2Bovine kidney.
bBaker's yeast,
CAlmonds.

9Jack beans.
“Snail.
fEscherichia coli.
EBovine liver.
“Chicken liver.
iBovine epididymis.
iKi ().

(Figure 5). On the other hand, the stable analogs 1 and 27a in The typical analogs (32, 51, 61) of p-uronic acid-type
the media expectedly show only a -weak inhibitory activity against gem-diamine 1-N-iminosugars also inhibit recombinant human
B-glucuronidase. heparanase from human melanoma A375M cells transfected with
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N pBK-CMV expression vectors containing the heparanase cDNA
Y (Table 3)24

Heparanase is an endo-B-glucuronidase that specifically cleaves the
B-1,4 linkage between p-glucuronic acid and N-acetyl-p-glucosamine
84: R=COCFg, R'=H of heparan sulfate (HS) side chains of HS proteoglycans (HSPGs). The
85: R=COCCly, R'=H relationships between activity against heparanase and the inhibitor

o] structures are also similar to those discussed regarding the inhibition
86: R, R'= ::@ against exo-B-glucuronidase from bovine liver. The weaker activity
H
OH N )
Me —NH /) the adjacent glycgses on both sides c?f D—'glucuror.lic ‘acid. As expected,
Mo all of the 1-uronic acid-type gem-diamine 1-N-iminosugars (54, 66,
HOOH
recognize precisely the absolute configurations of gem-diamine 1-N-
iminosugars corresponding to the p- and 1-sugars for specificity and

S against heparanase than that against exo-B-glucuronidase suggests that
HO oH 116, 117, 119, 130 and 133) show no remarkable inhibition against
potency.

Me

NH
o N e Lo
‘R OH
HO OH ©

H
152 HO OH

heparanase should simultaneously recognize p-ghucuronic acid and

153 these p-sugar hydrolases. These results indicate that glycohydrolases

Figure 3 Structural changes of -fucose-type gem-diamine 1-N-iminosugars
in medium at pH 6.3.

Table 2 Inhibitory activities (ICsq () of p-uronic acid-type gem-diamine 1-N-iminosugars against p-glycosidase

Enzyme 1 27a 27b 32 106 107 108 51 61
B-o-glucuronidase? 7.1x1075 1.2x10™4 6.2x10"8  6.5x10-8  9.2x10-8 1.3x10°7 6.8x10~8 6.5x108  6.5x10-8
a-p-glucosidase? >3.3x1073 (Ni) Ni 2.4x1077 Ni NT NT NT Ni Ni
B-o-glucosidase® Ni Ni Ni 1.3x10-5 NT NT NT 9.8x10°%  3.6x10-%
a-p-mannosidased Ni Ni Ni Ni NT NT NT Ni Ni
B-p-mannosidase® Ni Ni Ni Ni NT NT NT Ni Ni
a-p-galactosidasef Ni Ni Ni 1.3x10~6 NT NT NT Ni Ni
p-o-galactosidasef Ni Nj Ni Ni NT NT NT Ni Ni
u-0-NAc-galactosaminidase® Ni Ni Ni Ni NT NT NT Ni Ni
8-o-NAc-glucosaminidase® Ni Ni Ni Ni NT NT NT Ni Ni
Abbreviations: 1Csq, half maximal inhibitory concentration; Ni, no inhibition at 3.3x10~3 1, NT: not tested.
2Bovine liver.
®Baker’s yeast.
SAlmonds.
dJack beans,
eSnail.
{Aspergillus niger.
EChicken liver.
hBovine epididymis. )
CO,H CO,H
HO oy HO coH 2 2
2 HO HO
HO g NH OH N NH
HO
NH ~— / .
N~ R OH
g 154 HO
32: R=COCF3, R'=H
106: R=COCClg, R'=H
107: R=C(=NH)NH,, R'=H
O
108: R, R':i?@
6]
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e
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Figure 4 Structural changes of p-galacturonic acid-type gem-diamine 1-N-iminosugars in medium at pH 5.0.
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157 1568

Figure 5 Possible conformations 157 and 158 of the glycosyl cation formed
as an intermediate in $-glucuronidase hydrolysis.

Table 3 inhibitory activities (IC5q) of uronic acid-type
gem-diamine 1-N-iminosugars against human heparanase
(endo p-p-glucuronidase)

Compounds 1Csp Cpurn)
32 1.02+ 0.29
51 10.5%¢ 1.07
54 Ni

61 28.99t 1141
66 Ni

Abbreviations: 1Csg, half maximal inhibitory coneentration; FITC, fluorescein isothiocyanate.

Ni, no inhibition at 3.3 mw; buffer: 50 mm AcNA, pH 4.2, 0.02% CHAPS.

Enzyme: heparanase 0.26 pg protein per tube; substrate: FITC-heparan suifate 0.5l {51g HS).
Incubation time: 37°C, 2h,

Table 4 Inhibitory activities (ICsg (m)) of p-glycose- and
p-glycosamine-type gem-diamine 1-N-iminosugars against
p-glycosidases

Enzyme 135 142 150 151

o-p-glucosidase? >3.9x10~% >3.2x10"* 2.9x10°8 19 x10-7
B-o-glucosidase® 7.9x10-%  4.8x10~7  5.4x10-% 42 x1077
o-o-galactosidase® 2.5x107%  34x1077 »3.9x10* >32x10"¢
-o-galactosidase® 1.7x10-5 1.7x1077 >3.9x107% 19 x10*
o-p-mannosidase? >3.9x10% >3.2x10"* 2.5x107% 22 x10-%
B-o-mannosidase® >3.9x10"%  1.3x10%  3.8x10-5 32x10°°
o-0-NAc-galactosaminidasef 3.3x10-7 22x10-6 >39x10-% >32x10-4
B-o-NAc-glucosaminidase® 2.7x10°%  >3.2x107* 1.2x1076 »3.2 %1074
p-o-glucuronidaset >3.9x107% >3.2x10% >3.9x10"% >32x10-*

Abbreviations: 1Csq, half maximal inhibitory concentration.
3Baker’s yeast.

bAtmonds.

Aspergillus niger.

djack beans.

€Snail.

{Chicken fiver.

EBovine epididymis.

"Bovine fiver.

The inhibitory activities of p-glycose- and p-glycosamine-type gem-
diamine 1-N-iminosugars against glycosidases are summarized in
Table 43022

As expected, p-glucose-type 2-trifluoroacetamide 151 inthibits
o.- and B-p-glucosidases very strongly and specifically, and p-ghacosa-
mine-type 2-acetamide 150 shows a strong and specific inhibition
against B-p-N-acetylglucosaminidase. On the other hand, p-galactose-
type 2-trifluroacetamide 142 strongly inhibits not only «~ and
B-p-galactosidases but also P-p-glucosidase. D-galactosamine-type
2-acetamide 135 also strongly inhibits both o-p-N-acetylgalacto sami-
nidase and B-p-N-acetylglucosaminidase. These results seem to indi-
cate that the hemiaminals of the glycose-type inhibitors generated in
the media mimic a transient intermediate 7 (Figure 2) im the
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Table 5 Effects of 27b and CDP on [!4CINeuAc incorporation into
lactosylceramide (LacCer) as an exogenous acceptor

[}4CINevAc incorporated into

Compound Treatment GM3 c.p.nr. mg! lipid added %
— 0 850 100
27b 1.3mm 961 110
4.3 mm 659 78
13mm 13 1.5
cop 13mm 7 0.82

Abbreviations: CDP, cytidine 5'-diphosphate.

The sialyltransferase activity was determined according o the method of Hakomori et a/.34
using mouse mammary carcinoma mutant cell line (FUA 1.69), which shows high activity of
CMP-sialic acid:LacCer 2,3-sialosyltransferase.

hydrolysis of glycosidases, and that the glycosamine-type inhibitors
themselves mimic a glycopyranoside in its grand state during the
hydrolysis of glycosaminidases. These results also suggest that the axial
4-OH group is the main determinant for specificity and potency of the
inhibitors against p-galacto-type hydrola ses. However, p-gluco-type
hydrolases may roughly recognize the stereochemistry of the 4-OH
group and accept both axial and equatorial configurations. N-acetyl-
glycosaminidases also recognize the 2-N-acetyl group precisely.

p-galacturonic  acid-type  2-trifluoroacetamido-1-N-iminosugar
having a hydroxyl group at the C-5 position 27b inhibits sialyltrans-
ferase nearly as well as cytidine 5'-diphosphate, a standard inhibitor,
in the mouse mammary carcinoma mutant cell line (FUA169),%2
which has a high transfer activity of sialic acid to lactosylceramide
[Galp1—4GlcBl—1Cer] to form ganglioside GM3 [NeuAco2—
3GalB1—4GlcB1—1Cer] (Table 5). This result suggests that 27b
may resemble a gem-diamine 5-N-iminosugar and mimic sialic acid
(4) in the sialyltransferase reaction (Figuxe 6). This is similar to the
method in which siastatin B (1) mimics 4 in NA (N-acetylsialidase)
hydrolysis (Figure 1).

t-altruronic acid-type 2-acetamido-1-N-iminosugar 119 and its
1-N-2-ethlybutyrylamide (159) also inhibit HS 2-O-sulfotransferase
(HS 2-0-ST) over 80% at 25 pm.*> HS 2-Q-ST transfers the sulfate
group from the sulfate donor, adenosine 3'-phosphate-5'-phospho-
sulfate, to the 2-OH group of i-iduronic acid of HS, which is
composed of a repeating disaccharide umit comprising glucosamine
(GleN) and hexuronic acid (p-glucuroniic acid or its C-5 epimer,
L-iduronic acid).** This result indicates that HS 2-O-ST recognizes 119
and 159 as r-iduronic acid. Molecular modeling using PM3 in
MOPAC shows the structural similarity between o-1-iduronic acid
and 119 (Figure 7).%° As shown in Figure 7, 119 superimposes well on
o-L-iduronic acid and the acetamido and guanidino moieties of
119 are also topographically equivalent to the hydroxyl moieties of
a-L-iduronic acid.

Inhibition of esophageal keratinocyte d:ifferentiation

Recently, it has been clarified that heparanase is localized in the cell
nucleus of the normal esophageal epitheli-um and esophageal cancer,*®
and that its expression is correlated with cell differentiation.®®
On esophageal cell differentiation, heparanase is translocated from
the cytoplasm to the nucleus. On such translocation, heparanase
degrades the glycan chain of HS in the mucleus, and changes in the
expression of keratinocyte differentiatiory markers such as p27 and
involucrin are observed. p-galacturonic acid-type gem-diamine 1-N-
iminosugar 32 inhibits efficiently this degradation and induction in
the nucleus.*” It has been shown that heparanase regulates the



