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Abstract—We here report the design and synthesis of selective human lysosomal sialidase (NEU1) inhibitors. A series of amide-
linked C9 modified DANA (2-deoxy-2,3-dehydro-N-acetylneuraminic acid) analogues were synthesized and their inhibitory activ-
ities against all four human sialidases (NEU1-NEU4) were determined. Structure-based approach was used to investigate the basis
of selectivity of the compounds with experimentally observed activity. Results from the present study are found to be informative in
a qualitative manner for the further design of isoform selective human sialidase inhibitors for therapeutic value.

© 2007 Elsevier Ltd. All rights reserved.

Sialidases (Neuraminidases) contribute to the regulation
of many cellular activities by catalyzing the hydrolysis of
terminal sialic acid moiety from various oligosaccha-
rides, glycolipids, and glycoproteins. They are wide-
spread in nature, from viruses, microorganisms like
bacteria, fungi, and protozoa to higher animals includ-
ing humans.! They are thought to be involved in several
biological events such as molecular transport, antigen
masking, proliferation, differentiation, transformation,
and signal transduction.?

Sialidase is a virulence factor for many pathogens like
virus, bacteria, and protozoa.? To date, sialidase from viral
origin has been most extensively studied, which led to
structure-based drug discovery of a new class of antiviral
agents that specifically target theinfluenza virus.* Sialidase
from the bacteria Vibrio cholerae and the trans-sialidase
from the protozoa Trypanosoma cruzi are also considered
as potential drug targets for the therapeutic agents against
cholera and chagas’s disease, respectively.” In humans,
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four types of sialidases are known and have been classified
based on their subcellular localization, namely the intra
lysosomal sialidase NEU1, the cytosolic sialidase NEU2,
the plasma membrane-associated sialidase NEU3, and
the lysosomal or mitochondrial membrane-associated
sialidase NEU4. These isoforms differ in their substrate
specificities and physiological functions.®

Aberrant expression of human sialidases has been found
to be associated with the development of various patho-
logical conditions. In a recent study with NEU1 knock-
out mice, reduced IDL and LDL cholesterol levels and
decreased atherosclerotic lesions were observed.’
NEU3 was found to be significantly up-regulated in var-
ious human cancers and its up-regulation was correlated
with the apoptosis suppression and the promotion of
motility in cancer cells.® Apart from this, NEU3 overex-
pression in mice developed a diabetic phenotype associ-
ated with hyperinsulinemia, islet hyperplasia, and
increased B-cell mass.” These studies suggest that they
might play important etiological and pathogenic roles
in cancer, arteriosclerosis, and diabetes. Furthermore,
NEU2 expression was found to induce the apoptosis
and was inversely correlated with the metastasis, inva-
sion, and motility.! NEU4 has proved to have an
important role in the maintenance of normal mucus
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and its down-regulation may contribute to invasive
properties of colon cancers, and also found to be associ-
ated with mitochondrial apoptosis pathway.!!

The differences in the localization and the physiological
function of the various isoforms of this enzyme
prompted us to use these differences to design inhibitors
that could be specific to each of these isoforms. The
main objective of our work is ‘Design in’ over NEU1
or NEU3 and ‘Design out’ of its paralogs to minimize
the cross reactivity or potential side effects. In any case,
identification of selective inhibitors for individual iso-
forms can be used as molecular probes for specific func-
tions of human sialidases.

In our previous study we used both sequence and struc-
tural information to predict the selectivity-related resi-
dues using computational methods. We employed
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homology modeling techniques to construct a three-
dimensional model structure of sialidases NEUI,
NEU3, and NEU4 using the crystal structure of
NEU2.'2 The overlay of crystal structure of NEU2—
DANA complex with predicted models, and DANA
(1) and its four constituent groups required for binding
are given in Figure 1. Despite the fact that human NEU
isoforms share a high-level amino acid conservation in
the active site and its vicinity, they seem to have some
striking differences, particularly in the DANA’s glycerol
binding group, which could be exploited to design the
selective inhibitors. Accordingly, we designed some of
the hydrophobic derivatives of DANA modified at glyc-
erol side chain. We began our investigation with some
varying hydrophobic groups linked to N-amide at C9
position of DANA, thus allowing utilization of steric
fit/hindrance principles to probe the selectivity among
human isoforms.
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Figure 1. (A) Overlay of the crystal structure of NEU2-DANA complex with predicted models. The active site residues of NEU1, NEU2, NEU3,
and NEU4 are colored green, red, pink, and blue, respectively. (B) DANA (1) and its four constituent groups required for binding.
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Scheme 1. Reagents and conditions: (a) H* resin, EtOH, 50 °C, 1 d; (b) AcCl, rt, 3 d; (c) Et;N, DCM, rt, o/n (62% over three steps); (d) MeONa,
EtOH, rt, o/n (75%); (e) TsCl, pyridine, 0 °C, 1 d (71%); (f) NaNj3, acetone-H,0, 70 °C, 2 d (80%); (g) Ac,O, pyridine, rt, o/n (76%); (h) RCOCI,
DPPE, THF, rt, 2-24 h (45-70%); (i) 1—LiOH, MeOH-H,O-THF, 0°C, 6 h; 2—H" resin (>70%).

Synthetic route to the present series of C9 amide deriv-
atives of DANA is outlined in Scheme 1. Starting mate-
rial, N-acetylneuraminic acid (NeuSAc) 2, was esterified
with ethanol in the presence of an acidic ion exchange
resin to give an ester 3. This ester was treated with acetyl
chloride under neat conditions to afford 4. Compound 5
was prepared by B-elimination of 4 in the presence of tri-
ethylamine as a base. Deprotection of the O-acetyl
groups in 5 with CH;ONa, followed by selective tosyla-
tion of the primary hydroxyl group using p-toluenesul-
fonyl chloride, provided 9-O-tosyl derivative 6, which
was converted to the corresponding azide 7 by the treat-
ment with sodium azide in aqueous acetone. Key inter-
mediate 8 was obtained from 7 in a high yield using
excess of acetic anhydride in pyridine. A Staudinger-
type reductive acylation of compound 8 with various
acid chlorides and DPPE gave the compounds 9a—j in
moderate yields. A small library of these compounds
was prepared using a simple parallel synthesizer. Subse-
quent deprotection of derivatives 9a—j with LiOH/H,O/
MeOH gave the target C9 amides of DANA 10a-j in
good yields.!3

Inhibitory activities of the C9 DANA amides 10a—j
against all four human sialidases were investigated.!
The 1Csy values of compounds 10a—j and DANA (1)
are given in Table 1. In this series it has been found that
the size and the geometry of the alkyl side chains signif-
icantly influenced the potency and the selectivity of the
compounds toward the different NEU isoforms. The re-
sults obtained suggest that the hydrophobic amide
derivatives at C9 might be more selective for NEU1 as
the other isoforms show a significant reduction (from

low uM to >1000 uM) in their binding affinities in com-
parison to the reference compound, DANA. The change
of linear alkyl groups from methyl 10a, propyl 10e to
butyl 10h (58 uM, 32 uM to 10 uM) has steadily in-
creased the potency of NEU1 though the order of mag-
nitude of improvement is low. Replacement of linear
chain with cycloalkyl like cyclopropyl 10¢ (680 uM) de-
creased the affinity toward NEU1, whereas cyclopentyl
10d (135 pM) showed nearly similar activity as DANA.
In the case of NEU4, 10a showed to some extent im-
proved affinity in comparison to other analogues in this
series. The replacement of methyl group in 10a with iso-
propyl 10g (>1000 uM) and a-methyl substitution of 10e
to 2-methylpropyl in 10f (565 uM) also reduced the
NEUT1 inhibition. Surprisingly, phenyl ring-containing
derivative 10b (13 pM) inhibited NEU1 comparably to
10h, and showed slightly higher affinity toward human
sialidase NEU3 (320 uM) when compared with other
derivatives. Sterically bulky and branched alkyl groups
like fert-butyl 10i and 2-ethylpropyl 10j severely dimin-
ished the NEUI inhibitory activity to over 1000 pM
range. These data indicate that n-butyl analogue 10h
has improved binding affinity (10 uM) to NEU1 with
~15-fold improvement over DANA (143 uM), whereas
10h has decreased binding affinity over a 100-fold to-
ward NEU2, NEU3, and NEU4 (>1000 uM) compared
to that of DANA. Taken together, more than a 200-fold
selectivity for NEU1 was achieved with 10h over NEU?2,
NEU3, and NEU4 with respect to DANA.

In order to gain further insight into the structural basis
of inhibition, we performed the docking studies on the
basis of our homology models and the crystal structure
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Table 1. Chemical structures of compounds 10a—j and their inhibitory activities against human sialidases: NEU1, NEU2, NEU3, and NEU4
o} OH
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Compound R Sialidase inhibition (ICsy uM)

NEUI NEU2 NEU3 NEU4
1 (DANA) 143 43 61 74
10a Methyl 58 >1000 >1000 580
10b Phenyl 13 865 320 810
10c Cyclopentyl 135 >1000 >1000 >1000
10d Cyclopropyl 680 >1000 >1000 825
10e Propyl 32 >1000 >1000 923
10f 2-Methylpropyl 565 >1000 >1000 >1000
10g Isopropyl >1000 >1000 >1000 >1000
10h n-Butyl 10 >1000 >1000 >1000
10i tert-Butyl >1000 >1000 >1000 >1000
10j 2-Ethylpropyl >1000 >1000 >1000 >1000

of NEU2 (PDB entry 1VCU)'"> using DS LigandFit.
LigandFit gives the best poses at the binding site by a
stochastic conformational search and by evaluation of
the energy of the ligand-protein complex.!® The com-
pounds 10a—j were docked into the active site of human
sialidase isoforms using DANA as a control ligand.!”
The binding modes of compounds 10a, 10b, 10e, and
10h are convincing with NEUI, but are apparently in
an irrational mode with other isoforms active sites. In
our earlier study,'?> we reported that the active site of
NEULI is relatively larger and possesses a different shape
and charge distribution as compared to other isoforms,
which differ from each other by only two amino acids
(Leu217 and GIn270 in NEU2, Val224 and His277 in
NEU3, Gly221 and Trp274 in NEU4) proximal to the
glycerol side chain of DANA. Even though glycerol
binding subsite of NEUT1 is majorly composed of acidic
amino acids (Asp226, Asn261, Asp263, and GIn282)
similar to viral sialidase, the hydrophobic faces of the
these amino acid side chains and Leu313 might form a
hydrophobic channel in the active site. The docking
observations suggest that linear alkyl and phenyl side
chains could sterically fit into this channel by forming
favorable van der Waals interactions which may ac-
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count for their improved binding affinities. The binding
pose of C9 substituent of model compounds 10h and 10b
in NEUI is shown in Figure 2. It appears that the com-
mon Tyr residue (181 in NEU2 and NEU3, 179 in
NEU4) is present in the edge of the active site of
NEU2-NEU4, sterically preventing the linear, branched
or cycloalkyl chains from the binding and this steric
clash might force the inhibitors to adopt irrational bind-
ing modes. As a result alkyl groups are exposed out into
the solvent space, and may contribute to the decrease in
their binding affinities towards NEU2, NEU3, and
NEU4, and the increased NEU1 selectivity. Interest-
ingly, the binding pose of phenyl analogue 10b in iso-
forms other than NEUI1 shows n—m stacking against
the phenyl ring of the same Tyr residue, which can con-
tribute to the slight improvement in the observed activ-
ity as compared to other analogues. Additionally, the
docked pose of analogue 10b in NEU3 shows an extra
H-bond with His277 which can explain its increased
affinity to NEU3 as compared to NEU2 and NEU4.
The docking pose of simple methyl analogue 10a in
NEU4 clearly suggests that the loss of hydrophobic face
due to the replacement of Leu217 in NEU2 and Val224
in NEU3 by Gly221 leads to less steric hindrance at the

Figure 2. The binding pose of C9 substituent of model compounds 10h (A) and 10b (B) in the active site of NEU1 model. Green line represents the

hydrogen bonding.
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Figure 3. The binding pose of C9 substituent of compound 10a in NEU4 model (A) and compound 10b in NEU3 model (B). Green line represents

the hydrogen bonding.
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Figure 4. The binding pose of C9 substituent of a branched chain compound 10g (A) and a cycloalkyl analogue 10c (B) in the active site of NEU1
Model. Green and pink lines represent the hydrogen bonding and steric clash, respectively.

binding site of NEU4. This can explain the slightly high-
er affinity of 10a to NEU4 over NEU2 and NEU3.
However, this compound (10a) is 10-fold less potent
than parent compound DANA 1 for NEU4. The bind-
ing pose of C9 substituent of compound 10a in NEU4
(A) and compound 10b in NEU3 (B) is shown in Figure
3. These observations strongly imply that C9 substitu-
ents of any size are too bulky and inflexible to fit into
the active site of NEU2, NEU3, and NEU4 and confer
an opportunity for NEUI1 selectivity. The binding
modes of the branched chain analogues 10f, 10g, 10i,
and 10j suggest that the steric clashing of inhibitors with
the side chain of Asp226 in NEUI can abolish their
binding affinity toward NEU1. Although the interacting
poses of cycloalkyl analogues 10c and 10d in NEU1 are
seemingly favorable, probably their conformational
rigidity could be a reason for the reduced binding affin-
ity. The binding pose of C9 substituent of isopropyl ana-
logue 10g and cyclopropyl analogue 10c¢ in NEUI is
shown in Figure 4. On the whole, our docking studies
clearly reveals a reasonable correlation between the
experimental 1Csg values of the inhibitors with their pre-
dicted binding poses and further suggest that differences
in the active site topology of human sialidases might im-
part the selectivity to the inhibitors.

In summary, we report here some C9 amide-linked
hydrophobic derivatives of DANA as selective human
lysosomal sialidase (NEU1) inhibitors. To the best of

our knowledge, this is the first report of structure-based
design of selective human sialidase inhibitors. The ef-
forts to integrate structural information with inhibitor
activity were actively pursued. The results obtained in
the present study are thought to be important for our
continuing research efforts in the design and synthesis
of isoform selective human sialidase inhibitors for ther-
apeutic value. The synthesis and optimization of molec-
ular probes in this regard are ongoing, and the results
will be reported in due course.
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Docking analysis: All docking calculations were performed
using LigandFit algorithm, which is implemented in DS
modeling 1.5, Accelrys Inc., San Diego, USA (www.
accelrys.com). Docking was performed in two-step pro-
cess. First, the active site was defined as a subset that
contains residues in which any atom lies within 8.0 A from
the DANA. The defined active site was expanded to
accommodate the shapes of test compounds by adding
extra grid points. Then compounds 10a—j were flexibly
docked into active site of human sialidase models and into
the crystal structures of NEU2. Test compounds were
built and processed before docking by defining bond
orders and charges correctly. In the docking preferences, the
number of Monte Carlo trials was set to a fixed value of 5000
and the maximum number of saved poses to 10. Dreiding
force field was selected for the grid energy preferences and
conjugate gradient method was used for energy minimiza-
tion. The docked poses were manually checked for their
geometrical and electronic matching quality.
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