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          Siastatins A and B were isolated as part of a program designed to find Strepto-

      myces-produced inhibitors of sialidase from Clostridium perfringens. Siastatin A was 

      more effective than was siastatin B in the inhibition of sialidases prepared from Cl. 

       perfringens and chicken chorioallantoic membrane. However, siastatin B was a 

      stronger inhibitor of sialidases prepared from streptomyces and rat organs than was 

       siastatin A. Siastatin B also inhibited ƒÀ-glucuronidase and N-acetyl-ƒÀ-D-glucosamini-

       dase, two enzymes unaffected by siastatin A. 

   Sialidase (N-acetyl-neuraminate glycohydrolase EC 3. 2. 1. 18) is a glycosidase, hydrolysing 

sialic acid to yield terminal carbohydrate chains of glycoproteins or glycol ipids1,2). This en-

zyme is widely distributed among microorganisms and animal tissues, but its biological func-

tion is still open to question. It has been observed that the biological activity of human-

luteinizing hormone is markedly reduced when its terminal sialic acid residue is removed 

either enzymatically or chemically3). It is also known that desialoglycoprotein rapidly dis-

appears from circulating blood during passage through the liver,'). Additional reports have 

suggested roles for sialidase in various biological functions such as immune response6,7), onco-

genesis8), metastasis of tumor9), sperm penetration to rabbit ova10) and viral infection11•`13). 

   As reported in this paper, sialidases, depending on source, differ in specificity to inhibitors. 

It was suggested also that inhibitors that are specific to individual sialocompounds might be 

useful in the analysis of the physiological role of this enzyme. Thus, we searched for new 

sialidase inhibitors in culture filtrates of microorganisms. In this communication we describe 

the isolation, purification and characterization of the inhibitors, siastatins A and B. 

                           Materials and Methods 

    The source of siastatins. A strain of streptomyces (MB695-A4) found to produce sialidase 

inhibitors was classified as Streptomyces verticillus var. quintum. This organism was grown with 

vigorous shaking at 27°C in liquid medium of the following composition: 1.0% potato starch, 

1.0 % glucose, 0.75 % meat extract, 0 .75 % Polypeptone, 0.3 % NaCl, 0.1 % MgSO4.7H20, 

0.0007 % CuSO4. 5H2O, 0 .0001 % FeSO4. 7H2O, 0.0008 % MnCl2 • 4H2O, 0.0002 % ZnSO4 • 7H2O. 

Production of inhibitor reached a plateau after 3-day cultivation. 

    Enzymes. Sialidases of Clostridium perfringens and Streptom),ces were purified by the 

methods described by CASSIDY et al .14) and KUNIMOTO et al.15) Sialidases of rat mammary 

gland, brain and liver were prepared by the method of TAHA et al.16) from the appropriate 

organs of 12-days-lactating rats . Sialidase of Vibrio cholerae (500 units per ml) and ~-glucuro-

nidase (70,000"100,000 units per g) of bovine liver were purchased from General Biochemicals,
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U.S.A. and Nutritional Biochem. Co., U.S.A., respectively. N-Acetyl-ƒÀ-D-glucosaminidase from 

equine kidney was prepared by the method of SEYAMA"). The A/Aichi/2/68 (H3N2) strain of 

influenza virus and the SATO strain of Newcastle disease virus (NDV) were propagated in 

embryonated eggs. Viruses in the chorioallantoic fluids were concentrated by differential cen-

trifugation and purified by 10x-50% linear sucrose gradient centrifugation18•`20) The virus 

particles thus obtained were employed to test the action of inhibitors against viral sialidases. 

   Substrates. Bovine sialyllactose (BSL) was prepared from cow colostrum according to the 

method of KUHN et al.21) Phenolphthalein glucuronic acid, 4-nitrophenyl-N-acetyl-ƒÀ-D-glucos-

aminide, bovine albumin and fetuin were purchased from Sigma Chemical Co., Ltd., U.S.A., 

BDH Chemical Ltd., England, Daiichi Pure Chemicals Co., Ltd., Japan and Gland Island 

Biological Co., U.S.A., respectively. 

   Materials employed for extraction and purification. Amberlite IR-120, Dowex 1 X2 and 

Dowex 50WX2 were purchased from Rohm and Haas Co., and Dow Chemical Co., U.S.A., 

and activated carbon, silica gel (Wakogel C-200) and microcrystalline cellulose (Avicel) were 

obtained from Wako Junyaku and Asahi Kasei Co., Japan, respectively. 

   Determination of enzymatic activity. Unless otherwise noted, the sialidase prepared from 

Cl. perfringens was used for determination of concentrations of siastatins. The activities of 

sialidases with the exception of the enzyme from V. cholerae were measured by the following 

method: A reaction mixture consisting of 0.1 ml of BSL (0.16t mole), 0.25 ml of 0.1 M sodium 

phosphate buffer (pH 6.0), 0.1 ml of distilled water with or without the test material was 

incubated for 3 minutes at 37°C and then 0.05 ml of enzyme preparation containing 0.8 en-

zyme unit was added. After 30 minutes at 37°C, the released N-acetylneuraminic acid (NANA) 

was measured by the method described previously20,22,23). In the case of sialidase from V. 

cholerae, a reaction mixture containing 0.05 ml of fetuin (450 jig), 0.25 ml of 0.1 M sodium 

phosphate buffer (pH 6.0), 0.05 ml of calcium chloride (0.5 It moles), 0.05 ml of bovine albumin 

(100 jog), and 0.05 ml of distilled water with or without a test material was incubated for 3 

minutes at 37°C and then 0.05 ml of enzyme solution was added. After 30 minutes at 37°C, 

the released NANA was measured by the method described above. The inhibition of ƒÀ-

glucuronidase was determined as follows: A reaction mixture consisting of 0.01 ml of 0.01 M 

phenolphthalein-glucuronic acid, 0.1 ml of 0.2 M sodium acetate (pH 5.0), 0.07 ml of distilled 

water with or without the test material was incubated for 3 minutes at 37°C and then 0.02 ml 

of ƒÀ-glucuronidase (5 mg/ml in the same buffer) was added. After 1 hour at 37°C, the reac-

tion was terminated by the addition of 0.5 M glycine-NaOH buffer (pH 10.5) and the reaction 

mixture centrifuged at 3,000 rpm for 5 minutes. The concentration of released phenolphthalein 

in the supernatant was measured at 550 rim. In the case of N-acetyl-ƒÀ-D-glucosaminidase, a 

reaction mixture consisting of 0.05 ml of 0.025 M phenyl-N-acetyl-,3-D-glucosaminide, 0.3 ml of 

0.1 M sodium citrate (pH 4.5), 0.1 ml of distilled water with or without the test material was 

incubated for 3 minutes at 37°C and then 0.05 ml of enzyme solution was added. After 30 

minutes at 37°C, the reaction was terminated by the addition of reagents A and B as described 

by Asp24). The extent of the reaction was measured at 510 nm. 

                                   Results 

                            Purification of Siastatins 

   The purification procedures with step-wise yields are shown in Fig. 1. After 72-hour 

incubation at 27°C, the cultured broth was separated from the mycelium by centrifugation. 

The pH of the supernatant fraction was adjusted to pH 2.0 with 6 N HCl and then activated 

carbon (150g) was added with stirring. After 30 minutes at room temperature, the carbon 

was separated by filtration. The filtrate was passed through a column of Amberlite IR-120 

(5.5 x 37 cm). The adsorbed siastatins were eluted with 1 N NH4OH, and the active eluate 

was evaporated under reduced pressure (powder I). Powder I thus obtained was subjected to
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silica gel column chromatography (5.5 x 37 cm), using n-butanol - acetic acid - water (4 : 1 : 1) 

as the solvent. The active fraction was evaporated under reduced pressure (powder II). 

Powder II was purified through Avicel column (4 x 60 cm), using n-propanol -water (7 : 3) as 

the solvent and active fractions were evaporated to dryness (powder III). Powder III was

subjected again to Avicel column (4 x 60 cm) 

using n-butanol - acetic acid - water (4 : 1 : 1) 

as the solvent and active fractions were dried 

by evaporation (powder IV). Powder IV was 

dissolved in 30 ml of 1 % (v/v) formic acid 
aqueous solution and subjected to Dowex 

50W x 2 (pyridine form, 200 -400 mesh, 3 x 30 
cm) column chromatography with a linear 

gradient between 1.5 % pyridine-formic acid 
buffer (v/v, pH 3.0, 300 ml) and 2.5 % pyridine-

formic acid buffer (v/v, pH 3.0, 300 ml). As 

shown in Fig. 2, two active peaks were ob-
tained. The active agent in the first peak

   Fig. 1. Isolation and purification of siastatins 

    St. verticillus var. quintum (strain MB695-A4) 

                        cultured at 27°C for 72 hours  

I I 
Culture filtrate (13 liters) Mycelium 

      pH 2.0 with 6 N HCl 
      activated carbon 1 % 

Effluent (13 liters) 

      Amberlite IR-120 (HZ) column 

     1 N NH,OH 

Powder I (30g, ID50=500leg/0.5 ml) 

     Silica gel column 
                                          92 

      n-butanol - acetic acid - H2O (4 : 1 : 1) 

Powder II (11 g, ID50=200€g/0.5 ml) 

      Avicel column 

      n-propanol - H2O (7 : 3) 88% 

Powder III (2.9g, ID50=60 pg/0.5 ml) 

      Avicel column 

      n-butanol - acetic acid - H2O (4:1:1) 90% 

Powder IV (0.87g, ID50=20 «g/0.5 ml) 

      Dowex 50W x 2 
                                           92% 

      pyridine -forma te buffer (pH 3.0)

Crude siastatin A (0.05g, 
                   1D50=2,ag/0.5ml) 

        Dowex 1x2 

        pyridine-acetate buffer 91 %        (
pH 6.0) 

Siastatin A (0.008g, ID50=0.35 , g/0.5 ml)

I 
Crude siastatin B (0.104g, 

                   ID50=7,ug/0.5 ml) 

     crystallization I 
                     89% Si

astatin B (0.04g,  
          ID50=3 ;rg/0.5 ml)

Fig. 2. Elution pattern of siastatins on Dowex 

 50Wx2 column chromatography (Activity in 

 inhibiting Clostridium sialidase)
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was named siastatin A and that in the second peak was named siastatin B. Active fractions 

from each peak were pooled and dried. Further purification of siastatin A was carried out 

on Dowex 1 x 2 (acetate form, 200 - 400 mesh, 15 x 20 cm) column using a linear gradient be-

tween 8 % pyridine-acetic acid buffer (v/v, pH 6.0, 300 ml) and 20 % pyridine-acetic acid 

buffer (v/v, pH 6.0, 300 ml). Active fractions so obtained were pooled and dried. Siastatin 

B was dissolved in a small amount of water and crystallized by adding methanol dropwise. 

Colorless needle crystals of siastatin B were obtained. 

                              Chemical Properties 

   Properties of siastatin B were as follows: m.p. 137°C (dec.); [ca]n --57.2° (c 1.0, HO); 

pKa 3.27, 6.86 (titration equivalent 240): no maximum at 210-400 nm with the end absorp-
tion. The IR spectrum is shown in Fig. 3. The elemental analysis was as follows: calcd. 

for C8H14N2O5.H2O: C 40.67, H 6.83, N 11.86, 0 40.46; found: C 40.77, H 6.88, N 11.48, 

O 40.86. Siastatin B gave a positive reaction for ninhydrin, nitroprusside-acetaldehyde and 

RYDON-SMITH. The inhibitor is soluble in water and insoluble in methanol, ethanol, butanol, 

acetone, ethylacetate, chloroform, ethylether, petroleum ether, benzene, hexane, acetic acid 

and pyridine. Siastatins A and B gave the following Rf values on silica gel thin-layer chro-

matography: 0.16 and 0.16 with n-butanol -acetic acid -water (4 : 1 : 1), 0.23 and 0.23 with 

ethyl acetate - pyridine - acetic acid - water (5 : 5 : 1 : 3). Siastatins A and B moved to the 

cathode in formic acid-acetic acid-water (25 : 75 : 900, pH 1.9) on high voltage paper elec-

trophoresis at 3,500 V for 15 minutes with an Rm value of 0.72 and 0.89 respectively, referring 

to L-alanine as 1.0. The structure of siastatin B was determined as 2 (S/R)-acetamido-3 (S/R), 

4 (R/S)-dihydroxypiperidine-5 (R/S)-carboxylic acid. The structure study will be reported in 

the next paper. Chemical studies on siastatin A are now in progress. 

                     Inhibitory Effect of Siastatins on Sialidases 

   The inhibitory effects of siastatins A and B varied with enzyme source and with inhibitor 

as summarized in Table 1. Siastatin A was found to be much the more potent inhibitor 

against the sialidases from Cl. perfringens and chorioallantoic membrane with no other de-

monstrable activity other than that from the Streptomyces. In contrast siastatin B, while

Fig. 3. Infrared absorption spectrum of siastatin B (KBr)
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much less inhibitory to the two first enzyme 

preparations, demonstrated activity against a 
broader range of sialidases, albeit at a lower 

order of activity. Neither siastatin A nor 

siastatin B inhibited sialidases from the two 

viruses and V. cholerae.

   Kinetic studies were carried out on the effects of siastatins A and B on sialidases from 

Cl. perfringens and Streptomyces. LINEWEAVER-BURK plots of the results are shown in Fig. 4. 

The action of both inhibitors was in competition with the substrate (BSL). Km and Ki values 

are given in Table 2.

Table 1. Effect of siastatins A and B against sialidases, p-

   glucuronidase and N-acetyl-ji-D-glucosaminidase

Enzymes

Sialidases 

Others

Cl. perfringens 

Streptomyces 
V. cholerae 
Rat mammary gland 

            brain 
            liver 

Chorioallantoic membrane 
Inf. Aichi1)> 
NDV Sato2) 

jS-Glucuronidase 
N-Acetyl-19-D-glucosaminidase

ID50 (pg/0.5 ml)

Siastatin A 

     0.35 

  360 

 > 250 

 > 500 

 > 500 

 > 500 

      1.7 

 > 250 

 > 250 

 > 250 

 > 250

Siastatin B 

3 

    10 

   > 250 

    110 

   400 

    170 

    55 

  > 250 

  > 250 

4 

    18

1) A/Aichi/2/68 (H3N2) strain of influenza virus 
2) Sato strain of Newcastle disease virus

Fig. 4. Competitive inhibition of the sialidase from Cl. perfringens by siastatins A and B 

Substrate was BSL and the sialidase concentration was 75 ng of protein. The concentrations 
of siastatin A: 10, no inhibitor; I,, 0.51pg; 12, 1 tog. The concentration of siastatin B: I0, no 
inhibitor; I1, 1.7x10-5,M; I2, 2.5x10-5M. The determination of the inhibitory activity was 
carried out as described in the text. However, in this case the reaction system contained 
100pg of bovine albumin to stabilize the purified enzyme and the reaction time was 30 
minutes at 37°C.

Table 2. Km and Ki values of siastatin B on 
 sialidases of Clostridium perfringens and Strepto-

 myces

    Enzymes 

Cl. perfringens 
Streptomyces

Kix10-5M 

   1.7 

   4.3

Km x 10-3 M 

     2.5 

    0.57
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   The enzymatic activities of (ƒÀ-glucuronidase and N-acetyl-ƒÀ-D-glucosaminidase were meas-

ured by colorimetry using phenolphthalein glucuronic acid and 4-nitrophenyl-N-acetyl-i4-D-

glucosaminide as substrates, respectively. As reported in Table 1, siastatin B strongly in-

hibited both enzymes but siastatin A showed no inhibition even at the concentration of 500 

fig/ml. These results further support the more specific action of siastatin A. 

                        Biological Activities of Siastatin B 

   Siastatins A and B at 100 Egg/ml demonstrated no inhibition of the growth of Gram-

positive and Gram-negative bacteria in a nutrient medium. Both siastatins A and B had re-

latively low toxicity. Intravenous injection of 125 mg/kg of either siastatin was not lethal to 

mice. 

                                   Discussion 

   To date only a limited number of aromatic compounds have been demonstrated to have 

an inhibitory effect on viral sialidase25•`27). 2-Desoxy-2, 3-dehydro-N-acyl-neuraminic acid, the 

only one example of a non-aromatic compound possessing this property, has a Ki of 1 x 10-5M 

for the sialidase from V. cholerae28). The mode of inhibition of the last compound is sub-

strate-competitive. 

   The structure of siastatin B differs from those of previously reported inhibitory com-

pounds while the structure of siastatin A is not yet known. The difference in the inhibitory 

properties of the two siastatins, undoubtedly a function of differences in chemical structures, 

are of interests. With respect to the sialidases prepared from Cl. perfringens and chorioal-

lantoic membrane, siastatin A is more effective (ID;50= 0.35 pg/0.5 ml and 1.7 ttg/0.5 ml) than 

is siastatin B (ID ,50= 3 pa/O.5 ml and 55 pg/0.5 ml). In contrast, when Streptomyces and mam-

malian sialidases are employed, the comparative inhibitory effects are reversed with siastatin 

B being more potent than siastatin A (Table 1). Furthermore, ƒÀ-glucuronidase and N-acetyl-

ƒÀ-D-glucosaminidase are also inhibited by siastatin B while siastatin A had no effect on these 

enzymes. These and other differences in the inhibitory effects of siastatins A and B may be 

useful in discriminating amongst various types of sialidases. The chemical structure of sias-

tatin B and its mechanism of action against mammalian sialidase will be reported in following 

papers. 
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