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ABSTRACT

Kinetic analysis of mammalian sialidases was carried out using analogs of the potent sialidase
inhibitor, 5-acetamido-2,6-anhydro-3,5-dideoxy-D-g/ycero-D-galacto-non-2-enonic acid (1). Substitutents
at C-9 in place of the terminal hydroxyl group included a, 4-azido-2-nitrophenylthio group to give 5-aceta-
mido-2.6-anhydro-9-5-(4-azido-2-nitrophenyl)-3,5,9-trideoxy-9-thio-p-glycero-D-galacto-non-2-enonic
acid (2), and an azide group to give 5-acetamido-2,6-anhydro-9-azide-3,5,9-trideoxy-D-glycero-np-galacto-
non-2-enonic acid (3). Competitive inhibition kinetics were observed when 1, 2, and 3 were tested with the
lysosomal sialidase (cultured fibroblasts) and the plasma membrane sialidase (adenovirus DNA-trans-
formed, human embryonic kidney cells), giving a K, of about 10uM for both enzymes with all three
compounds. In contrast, only I was a potent inhibitor of the microsomal sialidase (rat muscle).

INTRODUCTION

Mammalian sialidases (EC 3.2.1.18) have been implicated in a number of impor-
tant metabolic processes including the regulation of cell proliferation', clearance of
plasma proteins?, and the catabolism of gangliosides and glycoproteins’. Concordant
with this functional diversity is the distribution of sialidase activity in several cellular
organelles, such as the plasma membrane*, lysosomes’, and microsomes®. The lysoso-
mal and microsomal proteins are the best understood of the mammalian enzymes.
Although both have been highly purified, their characterization has been primarily
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limited to kinetic studies and the identification of sialylconjugate substrates . Recent-
ly. a structural model for the lysosomal enzyme has been proposed’. As vet. the
interrelationship, if any. between the different cellular forms of sialidase is not known,
The primary or secondary structure of these proteins has not been determined and, asa
result. it has not been possible to identify regions of sequenc
compare mechanisms of action. or establish a common genetic origin

One feature shared by nearly all mammalian, microbial, and siral stahidases is

¢ or structural bomology.

-

poient inhibition by the sialic acid analog. S-acetamido-2 o-anhvdro-2 5-dideoxy-p-
glveero-t-galucto-non-2-enonic-acid (1) (for a review, see vefl 121 Thys molecule 15 a
classical transition state analog. representing the optimal conformational state imposed
on the sialic acid unit by the enzyme template during catalyvsis and ceavage of the
glycosidic linkage. Thus, I serves as an excellent probe of the avtive sites of stadidases,
We have recently modified this molecule by introducing a d-ando-2-nitrophenyithio
group in place of the terminal hydroxyl group at C-9'" Surprisingly. the resulting
compound wus a potent inhibitor of the human lysosomal siahdase i cuitured skin
fibroblasts, giving an inhibitory constant, K. of v, which was identical with thatof
unmodified 1. Moreover. we have also shown that the fibroblast enzvme s partinlly
inactivated when photolyzed with the aryl azide inhibitor. and several lysosomal
proteins were identified by use of a radioactively-labeled probe™ 7. We have interpreted
these results to indicate that the unsaturated pyran portion of the molecule contans the

primary contact points that influence protein recognition and binding. Apparently the
terminal hydroxyl group dogs not play an important role i this regard, This was
unexpected as earlier studies with the clostridium sialidase revealed that an ntact
glycerol side chain was required for high affinity binding'”. We have postulated that
modifications of this portion of 1 would provide derivatives that may be useful for
characterizing the catalytic or binding sites of sialidases and for distinguishing these
enzymes on the basis of their inhibition kinetics. We report herem the preparation of a
second derivative of 1 containing an azide substituent at C-% m place of the termimai
hydroxyl group, namely, S-acetamido-2.6-anhydro-9-azido-3.5 9-uideoxy--giveero-
Dgalacto-non-2-enonic actd (3). In order to gain insight nto the relative binding
specificities of the various cellular forms of sialidase, we have carricd out g comparative
kinetic analysis testing 1, 2, and 3 as inhubitors of these envvmes.

RESULTS

The spectral data and molecular mass for the novel sialic acid derivative, 3. were
consistent with its anticipated structure. Specific substitution of the azide group at C-9
was verified by "H-n.m.r. spectroscopy. The signals for the diustercomeric protons at
this position appeared as a doublet of doublets at & 3,525 and as an overlapping signal
with the signal of H-7 atd 3.665. In unmodified 1. H.-9 gave rise to signals downfield at 8
3.646 and 3.885, respectively. We have previously reported a similar finding for 2 where
a sulfur atom substitutes the terminal hydroxyl group at C-9 and the resulting resonance
signals for H.-9 appear upfield" relative to those of 1.
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TABLE ]

Inhibitory constants for derivatives of 5-acetamido-2,6-anhydro-3,5-dideoxy-n-glycero-p-galacto-non-2-
enonic acid {1)

Sialidase Subcellular K, (M) of compound
source localization

1 2 3
Fibroblasts Lysosomal 10 10 10
Adenovirus-transformed kidney cells Plasma membrane 10 9 10
Rat muscle Microsomal 9 i 50

“ The derivatives were tested as inhibitors of sialidases from various sources by use of 4 as the substrate as
described in the Experimental section. The apparent inhibitory rate constant was determined from Dixon
plots of the data. * Not inhibited.

Co,H

Compounds 1, 2, and 3 were tested as inhibitors of the mammalian sialidase of
several subcellular fractions (Table I). The sialidase of cultured fibroblasts, which is
predominantly lysosomal, was inhibited by all three compounds, each having an
identical inhibitory constant'>'* of ~ 10uM. The plasma membrane enzyme from trans-
formed human embryonic kidney cells showed a similar binding specificity, giving a
nearly identical K, for all three inhibitors. In contrast, the microsomal enzyme was
strongly inhibited by 1, weakly inhibited by 3, and not inhibited by 2 over the range of
concentrations tested.

DISCUSSION

A wide variety of the anhydro N-acetylneuraminic acid derivatives have been
prepared and tested as competitive inhibitors of sialidases from both microbial and viral
sources'’. These studies have provided valuable information about the relative binding
specificities of these proteins and the nature of their catalytic sites. However, a similar
kinetic analysis using the mammalian enzyme has been lacking. Modifications of the
inhibitor include substitution of the N-acetyl group at C-5 with carboxyl acids of
varying size and chain length'"™"*. A trifluoroacetamido or propylamido group at C-5
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can be accommodated by the microbial and viral enzymes, and mhibitory constants i
the micromolar range were observed for these derivatives™. Tn contrast, modest alter-
ations of the glycerol side cham of the molecude can vesuit i s murked Toss ofinhibiior
potency. Derivatives prepared by oxidative cleavage'. dehyvdrovvlation™, and more
subtle modifications such axepimerization” indicated that the presence of CHOH-S and
CH.OH-9. and the confoermational relanionship between U8 and W7 are important

features of the molecule that influence binding by rhe enzvme.
Incontrast to the specitiony of the viral and microbial enzymes, our results show

ity o modificatons of

that the Iyvsosomal eazvme doos not oxdhibit an extreme soisi
this part of the molecale, The azido or the large buiky wrviazide group could be
substituted for the ermirat hvdroxyl group with no effect on the apparent mhibitor
constant, Remarkably. the phisma membrane sialidase, ke tie bvsosomad envvme. was

inhibited 1o the same degree by all three denvatives, Thes hro

ad sperticay s shared by

the two forms af the enrvme. and they differ uniquely © Be rocresomal siafidase.

Interestinglv. both enzymes also have other similar kinetw aod phvswal properves. For

example, both cleave sialvliolhiposacchandes as wellus sinivlganghosidessubsirates, both

proteins are membrane i'wu 1 l. and both have acidic ;w}i sptmwns between 3 and &

These considerations. as well us the kinetic inhibition dita fed s 1o specudate that the

plasma membrane enzyme and the tvsosomal siadidase m:s\f‘z sestmifar active sites, and
that they may be related protems,
The functional swm!mamc of the plasma membrane envyme with an acid pH

optimum residing at the cell surface where the pH o ne WY rases ningeing

ty
guestions. Recent studies have shown that acid ‘1?‘:<‘a,\:ph'u;ew a fvsosonul membrane-
assoctated protem, s rapidiy exported directly fromthe Golgh rrens-Grolgi apparaius o
the cell surface™. The

plasma membrane and beimginwernahized through an endecviate process. Tis possible

zyme enters mto the ysosomal compariment by jeaving the

that the cell surfuce sialidose ;szﬁxdc?gncssimz?uf‘S:anr:iac:mn;c\ar:us«.mdiémimu;;} B

originally been destined for the Iysosome, bt 1 hecomoes misdirecied or the trans-

location dynamics are altered upon viral transiection. Hxploring mirnechuiar trathic-
g as well as determining the interrelationship between the pi S MmN ensyime
1.

with the other cellular Fornm ol stalidase will regure more pration and

4‘}2’ by alse provide mory

complete purification of the proteirs, Additionad derivit

in-depth active site mapping, ard revead turther dilferences o the bimding specificiney

H

between these protemns.

EXPERIMENTAL

General. - Compounds 1 and 2 were prepared as previously described”

{4-Methylumbelliferyl S-acetamido-3,5-dideoxv-t-glveoro-y-D-galacio-nonaio-
pyranosidjonic acid {4) (4-MU-NeuSAch was purchased from Sigma Chemical Co. (St
Louis, MO) Tlo wascarried ot on precoated silicte zod. ¢ nacked piates (What-

Flemenial composie

mun. Ine.), and spots were detected with resorcingl sprav reag
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tion was determined by high-resolution, fast-atom-bombardment mass spectrometry
using a JEOL HX110HF mass spectrometer operating in the two sector mode with the
sample suspended in a matrix of nitrobenzyl alcohol. The molecular ion of the matrix
served as calibration standard. "H-N.m.r. spectra were recorded with a General Electric
GN 500 NMR spectrometer operating at 500 MHz in the F.t. mode at ambient
temperature. Aqueous samples were subjected to four freeze--thaw cycles in deuterium
oxide. Acetone was the internal standard relative to external sodium 4,4-dimethyl-4-
sila-(2,3-’H,)-pentanoate.

Sialidase from adenovirus-transformed, human embryonic kidney cells. — Human
embryonic kidney cells, transformed with adenovirus DNA%, were obtained from the
Genentech cell repository and maintained in minimal essential medium containing 1%
glutamine and penicillin—streptomycin—-Fungizone (Gibco, Inc.), supplemented with
10% fetal calf serum. Cells were harvested at confluency by gently tapping the surface of
the flask. After collection by centrifugation, the cells were washed once with phosphate-
buffered saline solution at 4° and then disrupted by suspension in 10mMm phosphate
buffer, pH 7.5, containing 1% Triton X-100 (1 g of cell pellet in 2.5 mL buffer). The
suspension was homogenized at 4° in a glass homogenizer fitted with a Teflon pestle.
Unbroken cells and particulate matter were removed by centrifugation at 16 000g for 10
min. About 80% of the total activity was present in the supernatant fraction with a
specific activity of about 52 nmol-h~'‘mg ™' protein. The plasma membrane form of the
sialidase was separated from the lysosomal form by repetitive application of the
supernatant (5 mL) to a column (1.0 x 2.0 cm) containing concanavalin A-Sepharose
equilibrated in the extraction buffer. About 70% of the applied activity did not bind to
the column after five applications. Since all lysosomal enzymes known bind tightly to
this lectin, the unbound material served as a source of the plasma membrane sialidase,
free of the lysosomal enzyme form, in the kinetic studies reported herein.

Sialidase from rat muscle.— Rat leg muscle tissue was removed from anesthetized
animals and homogenized (1 g tissue/d4 mL of buffer) in 100mwm phosphate buffer, pH
6.1, containing 5Smm EDTA at 4° with a Polytron homogenizer (Brinkman). The
suspension was centrifuged at 40 000g for 15 min at 4°. The resulting supernatant was
removed and served as a source of the enzyme with a specific activity of about 23.9
nmol'mg ' of protein-h. Assays were carried out in 30mm phosphate, pH 6.1, 1.5mm
EDTA with 1.3mwu of 4 as substrate.

Enzyme assays. — Sialidase assays were carried out by use of the procedure
described by Warner and O’Brien”’ employing 4 as substrate. With extracts of fibro-
blasts and transformed kidney cells, assays were conducted at pH 4.3, and with muscle
extracts at pH 6.2. Initial experiments were carried out to evaluate the potency of the
various inhibitors by use of standard enzyme assays at the K value for the substrate and
by varying the inhibitor concentration within the range of 10 to 160uM. Additional
kinetic analysis was carried out on those compounds that gave significant inhibition (>
20% of control) in these experiments. Inhibitory constants were determined by varying
the concentration of the compound tested and assaying at the X _ value of the substrate,
and at concentrations above and below the K, value. The K; value was obtained from
Dixon plots of the data using linear regression analysis for curve fitting.
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5-Aceramido-2,6-anhydro-9-azido-3,5 9-1rideoxy-n-glycero-p-galacto-non-2-
enonic acid (3). Methy! 5-acetamido-4.7 8-tri-O-acetyl-2.6-anhydro-3 5-dideoxy-
9-0-(4-tolylsulfonyl)-p-g!ycero-D-galacto-non-2-enonate’ {18 mg, 3 umol was treat-
ed with NaN, (5.1 mg. 78 gmolyindry dimethyl sulfoxide (0.3 mLyin usealed tube under
N, at 507 overnight. After being cooled to room temperature, the solution was suspend-
cd in chloroform (10 mL.} and washed three times with ssturated KO and once with
water. The organic phase was dried (Na,80,). and after removal of the solvent. the
residuc was purified by roverse-phase hople using a column of octadecastlane on a
sthica support (U]tr‘aphcre 4.6 % 25 cm, Beckman Inc.y. The partially purided product
was suspended in 3:7 (viv) acetonitrile: water (0.5 mL), and apphed 1o the columin in the
same solvent. Elution was accomplished with 1 lineur gradiens of increasing amounts of
acetonitrife, up to 100%. in 25 min at a flow rate of 3 ;b nun. The effuent was
monitored at A,,,. The appropriate {ractions were pooled and the solvent ramoved
under vaccum to give ~ 14 mg (51% yield) of the homogencous peracetyvlated product.
Removal of the O-acetyl and methy! ester groups was carried oul with ag. NaQOH . pH
12, for 2 h at 37", Chromatography on g column of ﬁnwr\‘ MY catton-exchange resin,

followed by solvent removal gave 3 (4.8 my. 86% vield), £ 451 in 4:2:2(v. 43 butano!
acetic acid-water, (R of 1 in this system 0.31) M Q?f*s (max.f‘ and 2110 em
(shoulder), N.; "H-n.nir, CH.OY 4 2.091 (s, 3H. NCOCH Piqd ofdo 1L LN

3,665 (overlapping 2 H, H-7.9) 6.028 (4, | H. C=CH).
Anal Cale for CLHLN,O. -+ H 3171097 Found: 3171104,
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