SUBSTRATES AND INHIBITORS OF NEURAMINIDASES
COMMUNICATION 1, SYNTHESES OF O-, S-, AND N-KETOSIDES
OF N-ACETYL-D-NEURAMINIC ACID*

I. M, Privalova and A, Ya, Khorlin UDC 542,978+542,91+547,455

The specific activity of numerous sialo-containing oligo- and polysaccharides, glycolipids, glycopep-
tides, and mixed biopolymers, which perform important biological functions in living cells, is determined
by the presence of terminal neuraminic acid residues and is lost as a result of their elimination by neur-
aminidases which specifically cleave a-ketoside bonds of sialic acids [1-3]. Neuraminidases have been de-
tected in animal tissues [4-6], in pathogenic microorganisms [7], in myxoviruses [7], and in particular, in
various strains of influenza virus {8], The important biological role played by these enzymes, both in the
normal stateandin pathology, hasbeen established, Therefore investigations directed toward determining
the mechanism of the enzyme —substrate interaction of neuraminidases, toward a study of the limits of their
specificity, and toward a search for specific inhibitors and activators of neuraminidases of various origin,
are taking on vital importance,

In this communication we describe the synthesis of 2-O-p-nitrophenyl-N-acetyl- a-D-neuraminic acid (I),
2-deoxy~2-methylthio-N-acetyl- -D-neuraminic acid (II), 2-deoxy-2-p-nitrophenylthio-N-acetyl-c~D-neur-
aminic acid (ITT), and 2-deoxy~2-p-nitrophenylamino-N-acetyl-o-D-neuraminic acid (IV); the interaction of
these neuraminosides with neuraminidase of the cholera vibrio was studied, data characterizing their interaction
withneuraminidases of influenza viruges were obtained.
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The O-ketoside (I) was synthesized by glycosylation of p~nitrophenol with the methyl ester of aceto-
chloroneuraminic acid (V), followed by removal of the protective groups in the acetate of the methyl ester
of the ketoside (VI) formed:
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Glycosylation of p-nitrophencl was conducted in chloroform at room temperature in the presence of
AgyCOyas an HCL acceptor and Drierite, These reaction conditions, approaching the usual conditions of the
K6nigs—Knorr gynthesis, differed from those described earlier for the synthesis of O-neuraminosides [9],
in which the step of glycosylation was accomplished by alcoholysis of acetochloroneuraminic acid in a
medium of the aglycone component, Therefore the results that we obtained indicate the theorectical pos-
gibility of the synthesis of neuraminosides with a structurally complex aglycone, in particular, oligosac-

charides with a terminal residue of neuraminic acid,

As the key compound in the syntheses of S-ketosides (I} and {III) we used the methyl ester of 2-deoxy~

4,7,8,9-tetra-0O-acetyl-2-thio-N-acetyl-a-D-neuraminic

acid (VII), which was produced by the action of

thiourea on the chloride (V), followed by hydrolysis of the thiuronium salt (VIII)
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Conversion of the thiol (VII) to methyl esters of acetates
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of thioketosides {(IX} and (X) was achieved by

alkylation or arylation of (VII), Removal of the protective groups in {IX) and (X} leads to the S-ketogides
(IT) and (IIT) sought., The high yields at all stages of synthesis of the S-ketogides (II} and {II) indicate the
preparative convenience of the general means of production of thioglycosides (X) as applied to the gsynthesis

of thioneuraminosides,

The synthesis of the N~ketoside (V) was conducted

in two ways, In the first place, by the action of p~

nitroaniline on the chloride (V), followed by elimination of the protective group in the methyl ester of the
acetate (XI), In the second place, by the interaction of the methy! ester of N-acetyl-D-neuraminic acid (XII}
with p-nifroaniline, followed by saponification of the methyl ester of the a-N-ketoside (XIII} formed to the

N-neuraminoside (IV)
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The structure of the O~, 8-, and N-ketosides {I}-{IV) obtained was confirmed not only by the data of
their elemental analysis, but also as follows, As a result of the acid hydrolysis of the ketosides (I}~ {IV),
N-acetyl-D-neuraminic acid and the corresponding aglycone, identified by paper chromatography or thin-
layer chromatography on silica gel, are formed. The values of the molecular rotation of the ketosides {)-
(IV) indicate an a-configurationof the ketoside bond in these compounds. Moreover, in the case of O-p~-
nitrophenylneuraminoside {I), the a-configuration of the ketoside bond is confirmed by hydrolytic cleavage
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TABLE 1, Constants of Inhibition (Kj) of the Enzymatic Hy-
drolysis of the O-Ketoside (I) by Cholera Vibrio Neuramini-
dase for N~Acetylneuraminic Acid and Its Derivatives

Compound KI-103, M
N-Acetyl-D-neuraminic acid, .. .. ...... ... ... ... 4,88
2-Deoxy~2~p-nitrophenylamino-N-acetyl-o ~D-neuraminic

Acid (IV). v st it e i et vt ne e e e P eaaes ! 2.34
2-Deoxy-2~methylthio-N-acetyl-a-D-neuraminic acid i

) i 0.84
2-Deoxy-2~p-nitrophenylthio- N~acetyl-a~-D-neuraminic

T 1 0,23

of it by neuraminidases of cholera vibrio and influenza virus, The S- and N-ketosides (II)-(IV) are practical-
1y not cleaved by the neuraminidase of the cholera vibrio and are only slowly hydrolyzed in the presence of
the neuraminidase of influenza virus. And yet, the S- and N-ketosides (I[)-(IV) are active competitive in-
hibitors of neuraminidases (see below), which, taking into consideration the rigid requirements of specificity
of glycosidases with respect to the configuration of the glycoside center, should be considered as supple~
mentary evidence of an a-configuration of the neuraminoside bond in compounds (II)-(IV),

Usually preparations of neuraminyllactoses are used as a standard natural substrate in the study of
the activity of neuraminidases [11]. The method of kinetic measurements in this case, based on a quantita-
tive determination of the neuraminic acid eliminated, is marked by complexity and laboriousness [12]. Re-
cently a number of synthetic substrates of neuraminidases were proposed [9], of which only O-phenyl-N~
acetyl-o-D-neuraminoside permits the course of enzymatic hydrolysis to be followed according to the phenol
formed [13]. Since the methods of quantitative determination of p~nitrophenol [14] are simpler than the de-
termination of phenol [15], the 2-O-nitrophenyl-N-acetyl-a-D-neuraminoside (I) that we synthesized is an
extremely convenient synthetic substrate in kinetic investigations of neuraminosidases, At a substrate con-
centration of 1,17-10~3 M, the rate of enzymatic hydrolysis, determined by the amount of p-nitrophenols
formed in 30 min of incubation, is proportional to the concentration of the enzyme (0,1-0,5 mg/ml) within
sufficiently wide limits, The dependence of the enzymatic hydrolysis of the O-ketoside (I) on the time at a
constant concentration of the enzyme is presented in Fig. 1 for various substrate concentrations,

The dependence of the initial rate of enzymatic hydrolysis, determined by extrapolation to zero time
according to the Newton— Gregory method [16], entirely corresponds to the conditions of Michaelis— Menten
equilibrium kinetics, and presented graphically according to Lineweaver—-Burk [17], permits a determina-
tion of the values Ky, = 1.67- 1073 M and Vi = 5.3 10-5 mole/liter- min for the O-ketoside (I} (Fig. 2).

The use of enzymatic hydrolysis of the O-ketoside (I) as a background reaction for studying the in-
hibiting effect of S- and N-ketosides (II)-({IV) and of neuraminic acid itself permitted indentification of the
competitive nature of the inhibiting action of these compounds in all cases (see Fig, 2) and a determination
of the values of the inhibition constants for them (Table 1),

These values were close to the value of Ky, for the O-ketoside (I) or less than it, and therefore we
can consider the constants of binding of the inhibitors close to the constant of binding of the substrate (I).

An explanation for the differences in the catalytic action of cholera vibrio neuraminidase on O-neur-
aminoside (I), on the one hand, and on S-neuraminosides (II) and (III), on the other, should apparently be
sought in the relatively high nucleophilicity of the proton—donor catalytic group of the enzyme, which par-
ticipates in the reaction of coupled acid—base catalysis, The possibility remains that such a group in neur-
aminidase, inert with respect to the S-neuraminoside bonds, as in the case of S-galactosidasc of E. coli,
strain ML309, which does not cleave S-thiogalactosides [18], is the S—H-group of the cysteine residue.
Thus, the data obtained in this communication show that p-nitrophenyl-N-acetyl-o-D-neuraminoside (I},
synthesized according to the Kénigs— Knorr reaction, is a convenient and readily available substrate in ki-
netic investigations of neuraminidases, The synthesized 8- and N-ketosides (II)-(IV) represent competitive
inhibitors of the enzymatic hydrolysis of the O-ketoside (I). Since the S- and N~ketosides (I1)- (IV) are dis-
tinguished by stability to the hydrolytic action of various neuraminidases, their behavior in the enzymatic
reaction can serve as a supplementary characteristic of the specific activity of neuraminidases of various
origins.
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Fig. 1. Hydrolytic cleavage of the O-ketoside (I) by neuraminidase of the
cholera vibrio {{E] = 0,3 mg/ml) in 0,1 M acetate buffer (pH 5,8}, containing
0.9% NaCl and 0,1% CaCl, at 37°, Concentration of the substrate (I) (M): 1)
0.58-107%; 2) 1,17-107%; 3) 1.75-107%; 4) 2.3.107%; 5) 3,5-1073,

Fig. 2, Dependence of the initial rate of enzymatic hydrolysis of the O-keto-
side (I) on its concentration in the absence (1) and in the presence of an in-
hibitor ([I] = 1.1-1073 M): 2) N-acetyl-D-neuraminic acid; 3) S-ketoside (IT);
4) S-ketoside (I1); 5 N-ketoside (IV). For conditions of hydrolysis see Fig. 1.

EXPERIMENTAL

Descending paper chromatography on Whatman No, 3 chromatographic paper in the solvent system ({y
volume): n~propanol—0,1 N HCl—n-butanol, 2:1:1 (A), was used, Chromatography in a thin fixed layer of
silica gel KSK, 150-200 mesh) in the systems chloroform—methanol, 92: 8 (B), n~-propanol—water, 7:3 (C),
and ether (D) was conducted, The spots were detected with aniline phthalate, with Svennerholm's reagent,
with an ammonia solution of silver nitrate, and with sodium methylate in methanol, The melting point (cor-
rected) was determined on a Kofler block, The solvents were evaporated under vacuum at a temperature
no higher than 35°,

Methyl Ester of N-Acetyl-D-neuraminic Acid (XII). The ester was produced according to the method
of [19], yield 95%, mp 179-180° (from methanol—ether), [a]p® ~26.0° (C 1; water), Ry 0.62 (C). According
to the literature data: mp 179-180°, [a]p® ~28° (C 1; water),

Methyl Ester of Acetochloroneuraminic Acid (V), (V) was produced according to {19], yield 90%;
[alp? —65.6° (C 1; CHCL3), Ry 0,67 (B). According to the literature data: [a]p® —63° (C 1; CHCly),

Methy!l Ester of 2-Deoxy-2-p-nitrophenyl-4,7,8,9~tetra~O-acetyl-N-acetyl-a-D-neuraminic Acid {VI),
To a suspension of 250 mg p-nitrophenol, 100 mg freshly prepared Ag,COs, and 5080 mg Drierite in 3 ml abs,
CHCl13 we added 200 mg of the methyl ester of acetochloroneuraminic acid (V), mixed for 3 h at room tem-
perature, diluted to 10 ml with CHCl;, and filtered through celite, The filtrate was concentrated to a small
volume, and the residue chromatographed on silica gel {column 2 X 18 em), p-Nitrophenol was eluted with
ether, the product (VI) was eluted with a mixture of CHCl3—methanol, 1:1. The eluate, containing pure (VI),
was evaporated and the residue dried at 40° (I mm}, The yield of (VI) was 124 mg (51%), colorless powder,
chromatographically homogeneous, R¢ 0,36 (D), 0.53 (B), [a]p® +4.2° (C 1.05; methanol). Found: C 50.88;
H 5.78; N 4,38%. CoeH3N,0y5. Calculated: C 50,98; H 5,27; N 4,57%,

Methyl Ester of 2-Deoxy-2-methylthio-4,7,8,9-tetra~O-acetyl-N~acetyl-o~D-neuraminic Acid (IX),
To a suspension of 100 mg thiourea in 5 ml anhydrous acetone we added 500 mg of the freshly prepared
methyl ester of acetochloroneuraminic acid (V) and boiled for 30 min. The solution obtained wasg left
overnight at 0°; the precipitate of thicurea formed (Rf 0.21, B, detection with AgNQO,) was filtered off, the
filtrate evaporated, 10 ml of CHCl3 added to the residue, the precipitate of thiourea again filtered off, and
the mother liquor evaporated to dryness, We obtained 509 mg (88,5%) (VIID}, R¢ 0,58 (B), To a solution of
500 mg of the thiuronium salt (VIII) in 5 ml of acetone we added 3 ml of a saturated agueous solution of
KyCOy; after 20 min 4.5 ml of CH;I was added, The mixture was mixed for 2,5 h at 20°, poured out into 20
ml of ice water, mixed for 30 min, and extracted with CHCl;. The extracts were dried with K;CO; and
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TABLE 2. Ketosides of N-Acetyl-a-D-neuraminic Acid

Found, % Calculated, %

[e]p
Compound Yield, % I;mpi”cal T T T 1Ch g | R
C H N ormula Ie H N | metha-
nol)
2-0~p-Nitrophenyl-N-acetyl~o~ }
D-newaminic acid (1), , . , . .. 92 | 4770 | 4.96 | 6.98 | CpHpN,0p | 4744 | 511 | 6,51 |~1.33" |-5.76°| 0.64
2- Deoxy~2-p-nitrophenylamino-
N-acetyl-o-D~pewraminic acid ‘
12172 T 89 | 48.00 {526 | 9.82 | CyHuNsOpp | 47.55 | 5,40 {9.79 |0° 0° 0.66
2-Deoxy-2- methylthio-N-acetyl-
o~D-neuraminic acid (I) , ...| 90 42,49 | 6,69 | 3,81 CyoHy NOgS 42.48 | 6.24 415 |+1.6° |+ 5.41° 0.60
2~ Deoxy~-2- p-nitrophenylthio- N~
acetyl-o-D-neuwraminic acid
4119 NP 75 | 4524 [ 471 | 6.09 | CyiHpN,OpS | 45.73 | 4.97 [6.28 |+1.5° |+6,7° | 0.55
2-0-Methyl-N-acetyl-a~-D- ‘
newraminic acid , ., . ..., .. - - - - CqyHy NOg - - - -1° [19]~8.23°] ~—
2~0~Methyl- N-acetyl-8-D-
neuraminic acid . ... .. .. .. - - - - CyHp NO - - - -46°[19]}~148.5°) ~

evaporated, The residue was dissolved in methanol, decolorized with charcoal, and evaporated. After dry-
ing under vacuum we obtained 224 mg (44%) (IX), colorless powder, chromatographically homogeneous, R¢
0.83 (B), [af]D20 +13,1° (C 1.54; CHCl;), Found: C 48,15; H 5,96; N 6,57%. CyH3NO;,8, Caleulated: C 48.36;
H 5.97; N 6,15%.

Methyl Ester of 2-Deoxy-2-p-nitrophenylthio-4,7,8,9-tetra-O-~acetyl-N-acetyl-a-D-neuraminic Acid
(X). A saturated aqueous solution of K,CO; was added to a solution of 880 mg of the thiuronium salt (VIID)
in 5 ml of water, the mixture mixed for 1 h at 20°, deionized with Amberlite IR-120 (H* form), and evap-
orated. A solution of p-nitrophenyldiazonium chloride (from 0.46 g of p-nitroaniline) was added to a solu-
tion of 760 mg of the residue in 5 ml of methanol with vigorous mixing and cooling of the reaction mass to
—10°; after 20 min it was poured out into 30 ml of ice water. The filtrate was extracted with CHCl3 (3 x 30
ml), dried with K,CO;, decolorized with charcoal, and evaporated, The residue was chromatographed on a
column (2 X 20 cm) with silica gel, eluted with mixtures of CHCl; —~methanol, and the {ractions giving a
positive color with Ehrlich's reagent were combined and evaporated, We obtained 420 mg (38.6%) (X) in the
form of a colorless powder, R¢ 0.4 (D), [e]p® + 5.4° (C 1; MeOH), Found: C 50.09; H 4.87; N 4.90; S 4.61%.
CyeH3N,0,S, Calculated: C 49.67; H 5,09; N 4,44; S 5,08%.

Methyl Ester of 2-p-Nitrophenylamino-4,7,8,9-tetra-O-acetyl-N-acetyl-a-D-neuraminic Acid (XI),
To a suspension of 1,7 g p-nitroaniline and 2.4 g freshly prepared Ag,COj; in a mixture of 5 ml abs, CHCl;
and 5 ml abs. ether we added 1 g of the methyl ester of acetochloroneuraminic acid {V), mixing for 24 h at
room temperature, The residue was filtered, the filtrate evaporated, 5 ml of a 1:1 methanol—water mix-~
ture added, and the mixture left overnight at 0°, On the following day the precipitate of p-nitroaniline was
filtered off, the filtrate evaporated, the residue chromatographed on a column (2 X 18 ecm) with neutral Al,O3
(activity IV), and eluted first with CHCl3, then with a mixture of CHCl;—methanol, 1:1, We obtained 510
mg (42%) of (XI) in the form of a light-yellow powder, Rf 0,72 (B), [oz]D20 -5,1° (C 0.9; methanol)., Found:
C 50.92; H 5.12; N 6.77%. CygH33N;0.4. Calculated: C 51.06; H 5.43; N 6.87%.

2-Deoxy-2-p-Nitrophenylamino-N-acetyl-a-D-neuraminic Acid IV). To a solution of 500 mg N~
acetyl-D-neuraminic acid and 500 mg p-nitroaniline in 10 ml of abs. methanol we added one drop of cone,
HC1 and left the mixture overnight at 0°, On the following day the mixture was evaporated, a solution of the
residue in 1 ml of methanol chromatographed on a column (2 X 18 cm) with Dowex~1 (HCOO™ form), eluted
first with 100 ml of methanol, and then with 250 ml of a mixture of methanol and 0,3 N HCOOH, 1:1, col-
lecting the fractions giving a positive color with Ehrlich's reagent, and evaporated, We obtained 420 mg
(61%) of (IV), yellowish powder, Ry 0.13 (B), 0.64 ©), [og]D20 -1.,1° (C 1; methanol). The product was iden-
tical with the N-ketoside obtained in the deionization and subsequent saponification of (XI).

Saponification of (VI, (IX), (X), and (XI). A 0,001 M portion of (VI), IX), X), or (XI) was dissolved
in 5 ml of abg, methanol, 1,5 ml of 0.1 N CH;ONa in methanol was added, and the mixture kept for 3 h at
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room temperature, Then 5 ml of water was added, and 1 N NaOH dropwise to pH 9, On the following day
the mixture was neutralized with dry AmberliteIR-120 (H* form), the resin was filtered off, thoroughly
washed with methanol, the combined filtrates decolorized with charcoal and evaporated, and the residue
dried at 40° (0.8 mm) over PyO0;, The results of the saponification are given in Table 2,

Acid Hydrolysis of the Ketosides (I), (II), (ITT), and (IV). A solution of 20 mg of the ketoside (I)-{IV)
in 3 ml of 0.1 N H,SO, was heated for 1 h at 80°, neutralized with a saturated solution of Ba(OH),, and the
residue of BaSO, filtered off and washed with water. The filtrate was deionized with Amberlite IR~120
H + form); only N-acetyl-D-neuraminic acid, Ry 0.4 (A), 0.17 (C), and the corresponding aglycone compo-~
nent: NOyCgH,OH, Rf 0,77 (D) from (I), O;NCgH,SH, Re 0.9 (D) from (IIf), and NOyCgH,NH,, Ry 0,75 (D) from
(IV) were identified chromatographically,

Enzymatic Hydrolysis of the Ketosides (I), (II), (IIT), and (IV), A preparation of neuraminidase from
a filtrate of cholera vibrio (N, V, Philips— Duphar Company, Holland) and influenza virus, strain A2 (Smo-
lensk, 72-67) was used, Enzymatic hydrolysis was conducted in 0,1 M acetate buffer at pH 5.6 [20], contain~
ing 0.9% NaCl and 0,1% CaCl,, at 37°, The p-nitrophenol eliminated was determined as follows: after de-
finite periods of time 0.1 ml of the incubation mixture was collected, the enzymatic reaction was stopped by
adding 2.9 ml of borate buffer at pH 9.8 [20], and the optical density of the solution obtained at 400 nm was
determined on a spectrophotometer,

CONCLUSIONS

1. The synthesis of 2-O-p-nitrophenyl-N-acetyl- a~-D-neuraminic acid, 2-deoxy-2-methylthio~N-acetyl-
o-D-neuraminic acid, 2~deoxy-p-nitrophenylthio-N-acetyl- a~D-neuraminic acid, and 2-deogy-2-p-nitro-
phenylamino-N-acetyl-a-D-neuraminic acid was described, and their behavior in enzymatic hydrolysis by
neuraminidases of cholera vibrio and influenza virus was studied,

2. 2-O-p-Nitrophenyl-N~acetyl-a-D-neuraminoside is a convenient synthetic substrate in kinetic in-
vestigations of neuraminidases, N- and S-ketosides are distinguished by their stability to neuraminidases
from various sources,
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