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CINTRODUCTION T T
' Influenza virus initiates infection through a receptor-ligand interaction and subsequent receptor-mediated endocytosis. After |
: entry"?, the components of the viral particle are disassembled in the endosome where a low pH induces the irreversible :
I conformational change of hemaggiutinin (HA), resulting in fusion of the viral and endosomal membranes “*. The viral genome is !
I' then released from the endosome and transported Into the nucleus where replication occurs . After replication, viral genomes | .
1 leave the nucleus and progeny virus particles assemble and bud from the cellular membrane of the infected cells *®. !
: Viral proteins, which provide essential functions during the life cycle of influenza virus, are potential targets for the develop- |
1 ment of antiviral agents. Several agents involved in the infectious cycle have already been documented **, It s known that the
: sialic acid-containing glycoproteins or glycolipids on cell surfaces are receptors for influenza viruses ***. Two major virus !
1 olycoproteins, HA and siafidase, mediate the interaction between influenza viruses and cellular receptors. They are responsible
I for the attachment to target cells and for release of progeny viruses from the surface of infected cells, respectively ", Therefore, :
: many inhibitors of influenza viruses have been developed against virus HA ot/and sialidase %, Several studies reported that
1 neoglycoprotein or a synthetic co-polymer containing sialic acid residue strongly inhibited the HA and sialidase activities, result-
: ing in prevention of influenza virus infection #**, However, the effects of most inhibitors are usually restricted to HA subtypes of
1 influenza virus isolates, and their stability has been influenced by the hydrolysis of sialic acid-linkage by viral sialidase. influenza |
: virus vaccines are also dependent on virai specific antigen ©". '
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Recent studies have shown that a desialylated glycolipid sulfatide also has receptor-like activity “"and that two desialylated n
glycoglycerolipids from Coryneform bacteria have binding and neutralizing activities against influenza virus ®2, As desialylaled !
glycolipids are not substrates for sialidase **, which is a receptor-destroying enzyme and is integrated into the influenza virus 4
envelope, they might be useful as anti-influenza drugs.
EXPERIMENTAL PROCEDURES

Preparation of lipids from R. equi strain S$420: Two thousand aquatic soil samples were selected in Japan and 257 bacteria l
were isolated, producing more than detectable levels of glycolipids, of which 27 strains were selected because of their high pro-
ductivity. in R. equi strain S420 (Table 1}, we found virus-binding substance, which was screened by a thin layer chromatography l
(TLC)Nirus-binding immunastaining method.

R. equi strain S420 was cultivated in a 250-ml Erflenmeyer flask containing 30 mi of YMPG medium. The incubated-aiiquot (0.7 |
mi) was added to a 500-m! Erlenmeyer flask containing 70 mi of YSGG mediumand cultivated for 96 hr at 28° C. The culture :
was extracted with an equal volume of a chloroform/methanol (1:1, viv) solvent. The extract was used for this experiment. 1
Total lipids from strain $420 were fractionated by Q-Sepharose column chromatography ®. The developing solvent was a mix- |
ture of chloroform/methanol/water (60:35:8, viv/v). Lipids were separated on a TLC plate The virus-binding substance was puri- |
fied with LH-20 cofumn chromatography ., 1
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: Structure of the virus-binding substance: The virus-binding substance: colorless oil. [a]D +8° (¢ 0.37, CHCl,). Figure 2A|
: shows *H NMR (CD,0D/CDCly, 10:1, v/v): 8H 0.84 (3H, d, J = 6.4 Hz, CH,), 0.88 (6H, t, J = 6.9 Hz, CH, x 2), 1.10 (2H, m, CHZ), |
‘127(41H m, CH and CH, x 20), 1.30 (2H, m, CH,), 1.35 (4H, m, CH, x 2), 1.59 (4H, m, CH, x 2), 2.30 (2H, t, J = 7.3 Hz, CH,- ’

lC 0), 233 (2H,t, J = 73HZ CH2-C=0), 3.20 (1H, t, J = 9.4 Hz, 5'H) 3.37 (14, dd, J= 94and30Hz 3-H), 3.62 (1H, t, J= l
,94Hz 4'-H), 3.76 (1H, t, J= 9.4 Hz, 6'-H), 3.89 (1H, brt, J= 9.4 Hz, 1-H), 4.06 (2H, m, 3-H2), 4.17 (1H,t, J= 3.0 Hz, 2'H),420|
l(1H dd, J = 12.2 and 7.0 Hz, 1-H), 4.45 (1H, dd, J = 12.2 and 3.1 Hz, 1-H), 5.24 (1H, m, 2-H). Figure 2B shows 13C NMRI
(CD30D/CDCI3, 10:1, viv): 8C 15.3 (2C), 21.0, 24.4 (2C), 26.7 (2C), 30.9-31.8 (19C), 33.8 (2C), 34.6, 35.9 (2C), 38.9 (2C), 645,
(C 1), 65.6 (J,, = 5.7 Hz, C-3), 72.6 (J,, = 7.6 Hz, C-2), 73.5 (C-3), 73.7 (br, C-2), 73.9 (J,, = 5.7 Hz, C-6'), 74.7 (C-4), 769‘

l (C-5, 79.0 (br C-11, 175.4, 175.7. (+)FABMS m/z: 875 [M+Na]", 593. (-)FABMS m/z: 851 [M-H],, 689. (HRFABMS mIZI

| 851.5666 [M-H] (Calcd. For C,,Hy.0:P: 851.5650). Fatty acid analysis: 10% sodium methylate (0.6 m) was added to the sample |
" I'(0.1 mg) in 0.2 mi benzene and the reaction mixture was held at 60° C for 20 min. After the addition of a few drops of 1 N AcOH !
1 to stop the reaction followed by 2 ml of distilled water, the reaction mixture was extracted with 2 ml of n-hexane. The n-hexane |
: extract was evaporated to dryness and was then followed by fatty acid analysis by gas chromatographic mass (GC-MS). The
1 conditions for GC were: column, J & W Scientific DB-1 (0.25 mm-by-15 m); column temperature, 100-270° C, raised at 20° |
' C/min; injection temperature, 280° C; carrier gas, He, 1.2 kg/cm. 'H and ®C NMR spectra were recorded on a JEOL GSX500:
1 (500 MHz for 'H NMR and 125 MHz for *C NMR). FABMS and HRFABMS were obtained on a JEOL SX102A spectrometen
I {glycerol as matrix). Optical rotation was measured on a JASCO DIP-370 digital polarimeter.

: Virus-binding immunostaining assay: Lipids were spotted on the Silica gel plastic plates (Polygram Sil G; Macherey-NageI,l
I Germany). Immunochemical detection of virion or BHA on the TLC plates was performed. In the inhibition assay for virus bmdlng,
: viruses were preincubated with inhibitors for 1 hr at 4° C and were then used on the binding assay.

1 Anti-influenza virus assay: The inhibition activity of the PtdIns to influenza virus was detected with hemagglutination, hemolysis |
: inhibition assays and neutralization assay. !
1 RESULTS 1
: Presence of a substance that binds to influenza viruses in R. equi strain Sa20: Two thousand aquatic soil samples were !
1 selected in Japan and 257 bacteria were isolated, producing more than detectable levels of glycolipids, of which 27 strains were |
: selected because of their high productivity. The TLC-separated glycolipids were assayed for binding activity to human mﬂuenza:
; viruses. R. equi strain $420 showed one active spot on all H1 (A/PR/8/34 strain), H2 (A/Singapore/1/57 strain) and H3.
1 {(AJAichif2/68 strain) subtypes of human influenza A viruses (Fig. 1).

: Structure of the virus-binding substance: The virus-binding substance gave a positive sign for Dittmer's test *", indicating the | h
l presence of a phasphate group. The compound showed a pseudomolecular ion peak at m/z 851, matchmg C,He0, PI

| (HRFABMS: m/z 851.5666 [M-H calcd. for C, H,.O,.P: 851.5650). Both 'H and *C NMR spectra (Fig. 2A and Fig. 2B), togethen

N ! with a DEPT spectrum, revealed that the substance contains two long-chain acyl groups, two oxygenated methylenes, and seven .
| oxygenated methines. The 'H-'H COSY and 1D homonuclear Hartman-Hahn (HOHAHA) spectra indicated the presence of al
" I cyclitol moiety and a glycerol unit. The cyclitol was shown to be myo-inositol on the basis of the 1H vicinal coupling constants of | i
| H-1' to H-6' [J(172') = 3.0 Hz, J(2/3) = 3.0 Hz, J(3'/4") = 9.4 Hz, J{4/5") = 9.4 Hz, J(5'6') = 9.4 Hz, J(6/1') = 9.4 Hz]. The phos-

| I phate was determined to be attached at C-3 and C-1' on the basis of the 13C-P coupling constants of C-2 (7.6 Hz), C-3 (5.7 Hz), ! i
| C-1' (< 2 Hz), C-2 (< 2 Hz), C-6' (5.7 Hz). The 'H chemical shifts of H,-1 (5 4.45 and 4.20) and H-2 (8 5.24) signals indicate thatl

| | both the C-1 and C-2 positions of the glycerol moiety are acylated. |
I Treatment of the compound with MeQOH/MeONa afforded 16:0 and 19:0 fatty acid methy! esters which showed molecular non:
| peaks at mfz 270 and 312, respectively, in the gas chromatography-electron impact mass spectrum (GC-EIMS) (Fig. 2C). The
l 16:0 fatty acid methyl ester showed GLC retention time and mass spectrum identical to those of authentic palmitic acid methyll
" I esters. On the other hand, the EIMS of 19:0 fatty acid methy! ester showed relatively intense peaks at m/z 255 [M-C Hl ongl-

! nating from a-cleavages with respect to the methine carbon atom carrying the methyl branch, and the absence of a peak at m/z

: 241, corresponding to the ion [M-C.H, I*. These findings indicated that the 19:0 falty acid is 14-methyloctadecanoic acid. Thus, |

the structure of the virus-binding substance was determined to be a Ptdins bearing a branched-chain fatty acid (Fig. 3). :

| By chemical staining analyses, it was shown that the purified Ptdins was the main lipid (16.5% of total lipids) and further is pres-

f ; ent as a major phospholipid (about 55% of phospholipids) in /. equi strain S420 (Fig. 2D, 2E). Purification rate of Ptdins was|
| approximate 60%. I
I The binding specificity of the purified Ptdins to influenza viruses: The binding specificity of the purified PtdIns to influenza :
y viruses was determined by a TLCAvirus-binding immunostaining assay. As shown in Table I}, all the isclates tested from human i
: (A and B types) and animal (avian and swine) species bound to the purified Ptdins. The binding specificity of various influenza !
 viruses to the purified Ptdins was different from their viral sialic acid-linkage specificify. These findings indicate that the binding of,
| purified Ptdins to virus were not dependent on the different isolates or HA types of influenza viruses.

: Inhibition activity of the purified Ptdins on the virus-mediated hemolysis and the cell infection by infiuenza viruses: To| )
| determine the anti-viral activity of the purified Ptdins, we carried out hemagglutination inhibition, hemolysis inhibition and neutral- |

| ! ization assays. As shown in Table IIl, the purified Ptdins potently reduced the releasing LDH activity of virus-infected MDCK cells:
l in a dose dependent manner. The IC.s of the purified Ptdins (a concentration of purified Ptdins for 50% infection being inhibited) 1

| to A/PR/B/34 (H1N1), A/Smgapore/1/57 (H2N2} and A/Aichi/2/68 (H3N2) strains were 20.1£2.3, 14.7+3.2 and 10.4 4.1 uM :

-



| (n = 3 experiments), respectively. The inhibition activity of purified Ptdins was about 6-fold stronger than that of NeuSAc-PE WhICh:
:was indicated previously a potent inhibitor against human influenza virus. Similarly, the inhibition activity of the purified PtdIns to,
l virus-mediated hemolysis of erythrocytes was aiso stronger than that of NeuSAc-PE. However, the purified PldIns exhibited weak- I
er inhibition of viral hemaggiutination relative to NeubAc-PE. These findings show that the purified Ptdins significantly prevented,
lbOth virus-mediated hemolysis and infection by human influenza A virus in vitro, and was effective against influenza A vuruseSI
I'regardiess of subtypes.
i Inhibition activities of Ptdinses containing different fatty acid resndues To examine the influence of species of fatty acndl
!residues to viral infection, we tested Ptdinses containing three types of fatty acid residues as inhibitors of influenza viruses. As!
1Shown in Table IV, the inhibition activities of Ptdinses each other were significantly different. The effect of the PidIns from R. equi
lstram S420 on virus-mediated hemolysis and cell infection by influenza virus in vitro were 15-fold and 40-fold stronger than those!
,of Ptdinses from bovine liver or soybean, respectively. We also used a fatty acid-free Ptdins (GPI) in these experiments. Although;
!the GP! inhibited viral hemagglutination at a concentration of 1 mM, it did not inhibit either the virus-mediated hemolysis or viral!
,lnfectlon of MDCK cells even at a concentration of 2 mM (data not shown). These findings indicate that the fatty acid residue on:
1 PtdIns might be an indispensable part of their inhibition of viral hemolysis and viral replication. |
| Binding of the purified Ptdins to bromelain-cleaved hemagglutinin: The above findings indicate that the purified Ptdins pre- ,
rvents influenza virus infection. In order fo clarify the mechanism of its anti-influenza activity, we used the bromelain-cleavedi
:hemagglutmln (BHA) of A/Aichi/2/68 (H3N2) virus instead of virus particles for TLC/virus-binding assay. The binding specificity of'
1 Pldins to BHA on plates was examined using mouse monoclonal anti-HA (H3) antibody and HRP-conjugated goat antl-mouses
IlgG+gM (H+L) (Jackson Immunoresearch Laboratories). As shown in Fig. 4, the BHA clearly bound to the purified Ptdins as well!
yas IV6NeubAcnLc4Cer. This experimental finding indicates that HA of influenza virus is a component in the binding to purified,
lPtdlns 1
| DISCUSSION |
I In this study, we isolated and purified a unique type of phosphatidylinositol (PtdIns) from R. equi, bearing a branched-chain fattyl
acnd {14-methyloctadecanoic acid). Furthermore, we first found that it strongly inhibited the virus-induced hemolysis and the mfec-'
|t|on of influenza virus in vitro. The discovery evidently indicates existence of new type anti-influenza compounds in microorgan- |
:lsms Otherwise, it is shown PtdIns in R. equi strain S420 is the main phospholipid and accounts for about 55% of total’
1 phospholipids, because the ratio of PidIns in Corynebacteria is usually lower than 10% of total phospholipids. This creates favor-
Yable condition for opening up new agents against influenza, '
1 Phosphatidylinositol is usually present in the inner layer of the ceflular membrane lipid bilayer and is a precursor for severah
Tprominent infraceliular signaling molecules ®4, In this study we have first studied phosphatidylinositol regard as an mhlbltor'
yagainst influenza virus.
I The binding of influenza virus to sialic acid has been shown to depend on the molecular species of sialic acid, the sialic acid- Galll
lmkage and the carbohydrate core structure of ganglioside . Therefore, the anti-influenza effects of the sialic acxd-contalmng:
unhlbltors are usually restricted by these factors. It is a novel finding that the Pidins from R. equi strain S420 binds to mﬂuenzal
'wruses and that it significantly inhibits the influenza virus infection in vitro. The inhibitory activity of the purified Ptdins on mﬂuenzal
lVll’USES Is not restricted to animal species or types (or subtypes) of viral HA. The purified Ptdins from strain S420 may be consid- |
:ered a new fype of anti-influenza virus agent, widely effective against human and animal influenza A viruses.
 The finding show that purified Ptdins from strain S420 strongly inhibited the virus-mediated hemolysis in comparison with scahcn
I'acid-containing inhibitors, or other PtdInses from different materials. We also confirmed that the purified Ptdins attached to viral!
yHA and that the binding position of PtdIns differs from the sialic acid-binding pocket and may be close to the pocket on the head,
lof the HA trimer. The finding on HAI also indicated that the effect of purified PtdIns on the sialic acid-binding pocket of viral HA is'
,weaker Regarding the anti-influenza virus mechanism of the purified Ptdins, one possibility is that Ptdins adheres to the viral HA,
land then enters the endosome together with the virion, resuiting in interference with the fusion of viral and endosomal mem-
branes
| We also used other phospholipids in the same experiment to compare their effects against influenza viruses (data not shown). |
:Bovme liver Ptdins, phosphatidylserine (PS, from bovine brain, Sigma P-7769) and phosphatidylenthanolamine (PE, from bovmeI
1brain, Sigma P-7693), all of which carry a negative charge, bound to influenza viruses, but neutral glycophospholipids such ast
I phosphatidyicholine (PC, from bovine liver, Sigma P-6638) and sphingomyelin (SM, from bovine brain, Sigma S-7004) did not.:
1None of PC, PE and SM showed inhibition activities of virus-induced hemolysis at a concentration of 2 mM. Both bovine liver,
IPtdins and PS showed inhibition activities, but their effects were much lower than that of the purified PtdIns. Adhesion of!
1 phospholipids to viral HA may be an indispensable step in preventing influenza virus infection. It is noteworthy that the virus bind-,
lmg activity of bovine liver Ptdins to influenza viruses was similar to that of purified PtdIns, however the inhibitory activity of bovmel
lhver Ptdins on the influenza virus-mediated fusion was lower than that of the purified bacterial Ptdins. The structural difference,
lbetween the purified Ptdins and bovine liver Ptdins is that it bears a branched-chain fatty acid. L-a-glycerophospho-D- myo-
Imosnol from soybean, which has no fatty acid residue, showed no inhibitory activity of virus-mediated hemagglutination andI
|hemolysrs These findings indicate that the phosphatidylinositol and branched fatty acid residue may be important for the bmdmg:
Yof viral HA and for interfering with membrane fusion, respectively, leading to inhibition of infection by influenza viruses.
1 Some sialic acid-containing derivatives usually inhibit the attachment of viral HA to target cells and/or the enzymatic activity Ofl
:wral sialidase, thus preventing infection by influenza virus. In contrast, the purified Ptdins preferentially targets virus-mediated cel-!
lular membrane fusion. Our hypothesns is that Ptdins bmds near the fusxon Ioop of HA, resulting in interference with the fusogemc;



. —— . M St S WD W s G n M e e Sma e M M R B G A e e She e D Pen M M S G M S e M Tt S S e s Sme MY M e Sy St Me e e e = THn v SmE W B e S e e e A - T W . e e e vt

REFERENCE

1. Weis, W., Brown, J.H., Cusack, S., Paulson, J.C., Skehel, J.J., and Wiley, D.C. (1988) Nature 333, 426-431

2. Wilson, 1.A., Skehel, 1.J., and Wiley, D.C. (1981) Nature 289, 366-373

3. Helenius, A. (1992) Cell 69, 577-578

4. White, J.M. (1990) Viral and cellular membrane fusion proteins. Annu. Rev. Physiol. 52, 675-697

5. White, J.M. (1992) Science 258, 917-924

6. Wiley, D.C,, and Skehel, J.J. (1987) Annu. Rev. Biochem. 56, 365-394

7. Krug, R.M.,, Alonso-Caplen, F.V., Julkunen, 1., and Katze, M.G. (1989) In "The Influenza Viruses" (R. M. Krug,
Ed.), pp89-152. Plenum Press, NY

8. Roth, M.G., Genthing, M.-J., and Sambrook, J. (1989) In "The Influenza Viruses" (R. M. Krug, Ed.), pp219-267.
Plenum Press, NY

9. Pinto, L.H. and Lamb, R.A. (1995) Trends Microbiol. 3, 271

10. Pinto, L.H., Holsinger, L.J., and Lamb, R.A. (1992) Cell 69, 517-528

11. Hayden, F.G., and Hay, A.J. (1992) Curr. Top. Microbiol. Immunol. 176, 119-130

12. Hayden, F.G., Atmar, R.L., Schilling, M., Johnson, C., Poretz, D., Paar, D., Huson, L., Ward, P., and Mills, R.G.
(1999) N. Engl. J. Med. 341, 1336-1343

13. Hayden, F.G., Treanor, 1.J., Fritz, R.S., Lobo, M., Betts, R.F., Miller, M,, Kinnersley, N., Mills, R.G., Ward, P.,
and Straus, S.E. (1999) JAMA 282, 1240-1246

14. von ltzstein, M., Wu, W.Y., Kok, G.B,, Pegg, M.S., Dyason, J.C., Jin, B., Van Phan, T., Smythe, M.L., White,
H.F., Oliver, S.W., Colman, P.W., Varghese, J.N., Ryan, D.M., Woods, J.M., Bethell, R.C., Hotham, V.J,,
Cameron, J.M,, and Penn, C.R. (1993) Nature 363, 418-423

15. Suzuki, Y., Nagao, Y., Kato, H. Matsumoto, M., Nerome K, Nakajima, K., and Nobusawa, E. (1986) J. Biol.
Chem. 261, 17057-17061

16. Suzuki, Y., Kato, H., Naeve, C.M., and Webster, R.G. (1989) J. Virol. 63, 4298-4302

17. Suzuki, Y., Nishi, H., Hidari, K., Hirabayashi, Y., Matsumoto, M., Kobayashi, T., Watarai, S., Yasuda, T,,
Nakayama, J., Maeda, H., Katsuyama, T., Kanai, M., Kiso, M., and Hasegawa, A. (1991) J. Biochem. 109, 354-360
18. Suzuki, Y., Nakao, T., Ito, T., Watanabe, N., Toda, Y., Xu, G.Y., Suzuki, T., Kobayashi, T., Kimura, Y.,
Yamada, A., Sugawara, K., Nishimura, H., Kitame, F., Nakamura, K., Deya, E., Kiso, M., and Hasegawa, A. (1992)
Virology 189, 121-131 '

19. Suzuki, Y. (1994) Prog. Lipid. Res. 33, 429-445

20. Suzuki, Y., Matsunaga, M., and Matsumoto, M. (1985) J. Biol. Chem. 260, 1362-1365

21. Tiralongo, J., Pegg, M.S., and von ltzstein, M. (1995) FEBS Lett. 372, 148-150

22. von ltzstein, M., Wu, W.Y,, and Jin, B. (1994) Carbohydr. Res. 259, 301-305

23. von ltzstein, M., Dyason, J.C., Oliver, S.W., White, H.F., Wu, W.Y, Kok, G.B., and Pegg, M.S. (1996) J. Med.
Chem. 39, 388-391

24. Guo, C.-T., Wong, C.-H., Kajimoto, T., Miura, T., 1da, Y., Juneja, L. R., Kim, M.-J., Masuda, H., Suzuki, T.,
and Suzuki, Y. (1998) Glycoconjugate J. 15, 1099-1108

25. Muniruzzaman, S., Pan, Y.T., Zeng, Y., Atkins, B., Izumori, K., and Elbein, A.D. (1996) Glycobiology 6, 795-
803

26. Ryan-Poirier, K. A., and Kawaoka, Y. (1991) J. Virol. 65, 389-395

27. Ryan-Poirier, K.A., and Kawaoka, Y. (1993) Virology 193, 974-976

28. Sidwell, R W., Huffinan, J.H, Bamard, D.L., Bailey, K.W., Wong, M.H., Morrison, A., Syndergaard, T., and
Kim, C.U. (1998) Antiviral Res. 37, 107-120

29. McKimm-Breschkin, J.L., Sahasrabudhe, A., Blick, T.J., McDonald, M., Colman, P.M., Hart, G.J., Bethell,
R.C,, and Varghese, J.N. (1998) J. Virol. 72, 2456-2462

30. Ikeda, K., Kimura, F., Sano, K., Suzuki, Y., and Achiwa, K. (1998) Carbohydr. Res. 312, 183-189

31. Braun, R., Babiuk, L.A., and van Drunen Littel-van den Hurk, S. (1998) J. Gen. Virol. 79, 2965-2970

32. Nakata, K., Guo, C.-T., Matsufuji, M., Yoshimoto, A., Inagaki, M., Higuchi, R., and Suzuki Y. (2000) J.
Biochem. 172, 191-198

33, Fang, C.T., Hung, C.C., Chang, S.C., Hsueh, P.R., Chang, Y.L., Chen, M.Y., and Luh, K.T. (2000) J. Formos.
Med. Assoc. 99, 123-127

34. Gallen, F., Kernaonet, E., Foulet, A, Goldstein, A., Lebon, P., and Babinet, F. (1999) Nephrologie 20, 383-386
35. Wang, P.-Y., Kitchens, R.L., and Munford, R.S. (1998) J. Biol. Chem. 273, 24309-24313

36. Hirabayashi, Y., Nakao, T., Matsumoto, M., Obata, K., and Ando, S. (1988) ). Chromatography 445, 377-384
37. Suzuki, Y., Suzuki, T., and Matsumoto, M, (1983) J. Biochem. 93, 1621-1633

38. Suzuki, Y., Morioka, T., and Matsumoto, M. (1980) Biochem. Biophys. Acta. 619, 632-639

39. Cianci, C., Yu, K.L., Dischino, D.D., Harte, W., Deshpande, M., Luo, G., Colonno, R.J., Meanwell, N.A., and
Krystal, M. (1999) J. Virol. 73, 1785-1794

40. Brand, C.M,, and Skehel, ].J. (1972) Nature New Biology 238, 145-147

41. Yamada, A., Brown, L.E., and Webster, R.G. (1984) Virology 138, 276-286

42. Kohler, G., and Milstein, C. (1975) Nature 256, 495-497

43. Whenrett, J.R. (1973) Biochem. Biophs. Acta. 326, 63-73

b oo o o e ot e e e e o e e = o = o e = s P T = =~ W T = e = o = = = = = = o = = T - = = - = = - — = — ————



44, Nilsson, O., Mansson, J.E., Tibblin, E., and Svennerholm, L. (1981) FEBS Lett. 133, 197-200 |
45. MacDenald, R.C., Dalle Ore, V., and MacDonald, R.1. (1984) Virology 134, 103-117 :
46. Portner, A., Scroggs, R.A., and Metzger, D.W. (1987) Virology 158, 61-68 |
47. Suzuki, T., Sometani, A., Yamazaki, Y., Horiike, G., Mizutani, Y., Masuda, H., Yamada, M., Tahara, H., Xy, :
G.Y., Miyamoto, D., Oku, N,, Okada, S., Kiso, M., Hasegawa, A., Ito, T., Kawaoka, Y., and Suzuki, Y. (1996} ;
Biochem. J. 318, 389-393 !
48, Watanabe, W., Sudo, K., Asawa, S., Konno, K., Yokota, T., and Shigeta, S. (1995) J. Virol. Methods 51, 185- :
191 1
49, Suzuki, T., Horiike, G., Yamazaki, Y., Kawabe, K., Masuda, H., Miyamoto, D., Matsuda, M., Nishimura, S.1,
Yamagata, T., Ito, T., Kida, H., Kawaoka, Y., and Suzuki, Y. (1997) FEBS Lett. 404, 192-196

50. Morita, K., and Igarashi, A. (1989) J. Tissue Culture Methods 12, 35-37

51. Wells, M.A,, and Dittmer, J.C. (1966) J. Biol. Chem. 241, 2103-2105

52. Svennerholm, L. (1956) J. Neurochem. 1, 42

53. Matrosovich, M., Miller-Podraza, H., Teneberg, S., Robertson, J., and Karlsson, K.A. (1996) Virology 223, 413-
416

54. Miller-Podraza, H., Larsson, T., Nilsson, J., Teneberg, S., Matrosovich, M., and Johansson, L. (1998) Acta.
Biochem. Pol. 45, 439-449

55. Barton, M.D., Goodfellow, M., and Minnikin, D.E. (1989) Zentralbl Bakteriol. 272, 154-170

56. Roth, J., Kempf, A., Reuter, G., Schauer, R., and Gehring, W.J. (1992) Science 256, 673-675

57. Yague, G., Segovia, M., and Valero-Guillen, P.L. (1997) FEMS. Microbiol. Lett. 151, 125-130

58. Niepel, T., Meyer, H., Wray, V., and Abraham, W.R. (1998) }. Bacteriol. 180, 4650-4657

59. Sha, B, and Luo, M. (1999) Biochim. Biophys. Acta. 1441, 268-277

60. Martin, T.F. (1998) Annu. Rev. Cell Dev. Biol. 14, 231-264

61. Zhang, X., and Majerus, P.W. (1998) Semin. Cell Dev. Biol. 9, 153-160

62. Zieler, H., Nawrocki, J. P., and Shahabuddin, M. (1999) J. Exp. Biol. 202, 485-495

63. Kanda, T., Akiyama, H., Yanagida, A., Tanabe, M., Goda, Y., Toyoda, M., Teshima, R., and Saito, Y. (1998)
Biosci. Biotechnol. Biochem. 62, 1284-1289

64. Sato, K., Hanagata, G., Kiso, M., Hasegawa, A., and Suzuki, Y. (1998) Glycobiology 8, 527-532

65. Lambre, C.R., Terzidis, H., Greffard, A., and Webster, R.G. (1990) J. Immunol. Methods 135, 49-57

A B - C D
% : *H{IJ RIS,

R TLITO “-‘“ San -

CEAAS it o ERROR UL "V - - e R
1 2 3 1 2 3 1 2 3 1 2 3
Fig. 1. Binding specificity of the purified Ptdins to human influenza A viruses. The binding specificity of the Ptdins isolated
from aquatic bacteria R. equi strain S420 (2 nmol) (lane 2) to human influenza A viruses [A/PR/8/34 (H1N1) (a),
A/Singapore/1/57 (H2N2) (b), and A/Aichif2/68 (H3N2) (c}] was determined by TLC/virus-binding immunostaining assay as
described under "Experimentaf Procedures”. TLC Plate was visualized with orcinol-H2S04 reagent (d). 1V6NeubAcnlc4Cer
(tane 1) and IV3Neu5Acni.c4Cer (lane 3) (1 nmol) were used as positive controls,
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Fig. 4. Binding of the purified Ptdins to bromelainlreleasgi ectodomalin of in%uenza hemagglutinin from A/Aichi/2/68 (H3N2) :
strain. The binding of purified Ptdins (2 nmol) (lane 2) to bromelain-released ectodomain of influenza HA (BHA) from 1
A/Aichi/2/68 (H3N2) strain was determined using a TLC/HA-binding immunostaining assay as described under "Experimental :
Procedures”. IV6NeubAcnLc4Cer (1 nmol) (lane 1) was used as a positive control. |
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Fig. 2. A: An 'H-detected multiple-bond heteronuclear multiple quantumn coherence spectrum of the PtdIns from R.
equi strain $420.

B: A PC-detected multiple-bond heteronuclear multiple quantum coherence spectrum of the Ptdins from R. equi
strain S420.

C: A gas chromatography-electron impact mass spectrumn of the PtdIns from R. equi strain S420.

D and E: Profile of phospholipids and total glycolipids from R. equi strain S420. Profiles of phospholipids (plate D)
1 and glycolipids (plate E) were visualized with Dittmer's reagent and orcinol-H,SO, reagent, respectively. Lane 1 is

: total lipids and lane 2 is the purified Ptdlns (2 nmol).
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Fig. 3. Structure of the Ptdins from R. equi strain S420.

TABLE I. Microbiological property of Rhodococcus equi strain Sy,

Strain 8490

Colony

Shape Flat and round

Tone Buttery, opaque, and beige
Cell shape

Shape Long-rod

Width 0.8 um

Moving -

Gram-staining +

Spore formation -
Enzymatic properties
Pyrazinamidase
Pyrrolidonearylamidase
Alkaline phosphatase
Catalase ,
B-Glucuronidase -
B-Galactosidase
B-Glucosidase
N-Acetyl-B-glucosaminidase
Urease
Esculin hydrolyzation
Gelatin hydrolyzation -
Nitrate reduction -
Fermentation ability
Glucose -
Ribose -
Xylose -
Mannito) .
Maltose -
Lactose -
Sucrose -
Glycogen -

+ + + 0+

+ 4
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TABLE 1I. Binding reactivities of human, avian and swine isolates of
influenza virus to the purified PtdIns from R. equi strain S 4, .

Relative binding reactivity (%)

Influenza virus IV3NeuSAcnLcdCer  IVNcuSAcnLedCer Ptdlns
Human isolates
A/PR/8/34 (HIN1) 100 12+6 266
A/Singapore/1/57 (H2N2) 21+4 100 433
A/Aichi/2/68 (H3N2) 26%5 100 48+7
B/Lee/40 162 100 28%5
B/Bangkok/163/90 18%8 100 31%6
Avian isolates
A/duck/HK/36/76 (HINI) 100 42+8 51%8
A/duck/HK/273/78 (H2N2) 100 13%5 19%6
A/duck/HK/24/76 (H3N2) 100 10£3 38%6
A/duck/HK/849/76 (H4N1) 100 16%8 347
A/duck/HK/313/76 (H5N3) 100 566 31£6
. A/duck/HK/13/76 (H6N1) 100 15+6 36%5
A/duck/HK/47/76 (H7N2) 100 22+9 33%7
A/duck/HK/86/76 (HON2) 100 326 40£5
Alduck/HK/33/76 (HION1) 100 28+5 335
A/duck/HK/44/76 (H]1N3) 100 21+4 308
A/duck/HK/862/80 (H12N5) 100 14%2 37x7
Swine isolates
Asswinc/Hokkaido/2/81 (HIN1) 13%5 100 33%5
Alswine/ltaly/309/83 (H3N2) 15%3 100 31+7

The binding activities of human, avian and swine isolates of influenza virus to purified
PtdIns were determined with a TLC/virus-binding immunostaining assay as described
under "Experimental Procedures”. IV*NeuSAcnLc4Cer and 1V®Neu5AcnLc4Cer were used
as positive controls. The data are expressed as meanSD of three independent experi-
ments and as a percentage of that of IV'Neu5AcnLc4Cer and IV®Neu5AcnLc4Cer.

TABLE 1V. Influence of fatty acid residues of PtdIns to viral hemagglutination, virus-induced hemolysis and influenza virus
infection.

Inhibition activities

Binding
g Svith Hemolysis  Cell infection
Phosphatidylinositols id resi activities
phiatidy Fatty acid residue HA (IC50,uM) (IC50,1M)
Ptdlns from strain S420 14-Methylocatadecanoic acid $BE5 500 38949 104%4)
and palmitic acid
PtdIns from bovine liver Stearic acid and arachidonic acid 416 500 5784+56  360.7%5.2
PtdIns from soybean Palmitic acid and linoleic acid 39%7 500 6164%9.7  396.1%83
Glycerophosphatidylinositol o p,\1. 2c:4 residue ND 1000 >1000 >1000

from soybean

Inhibition activities of Ptdlns containing different fatty acid residues on viral hemagglutination, virus-induced hemolysis and infection of
MDCK cells by human influenza A virus (AfAichi/2/68 strain) to MDCK cells were detected as described under "Experimental Procedures”. The
maximum dilutions of samples (starting concentration, 1 mM) showing complete inhibition of hemagglutination (HAI) are defined as the hemag-
glutination inhibition titer. The inhibition activities of samples against viral hemolysis or infection of MDCK ceils are expressed as IC,, (the

concentration at which the hemolysis or the infection was inhibited by 50% or 50% infection cells being inhibited). The data are expressed as
meanx SD of three independent experiments. Each experiment was carried out in duplicate.
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TABLE 1II. Inhibition of the purified PtdIns from R. equi strain S420 on viral hemagglutina-
tion, virus-induced hemolysis and infectivity by human influenza A viruses.

Inhibition activity of purified PtdIns Inhibition activity of NeuSAc-PE

Viruses HA  Hemolysis Cellinfection ~ HA  Hemolysis  Cell infection

~ (uM)  (ICs, uM)  (IC50,uM)  (uM) (IC50,uM)  (IC50, pM)

A/PR/8/34 500 503x7.2  20.1%£23 >1000 >1000 >1000
A/Singapore/1/57 500 42.4%5.6 14.7£3.2 32 158.5+7.4 94.7£5.2
A/Aichi/2/68 250  38.9%4.9 10.4+4.1 16 142.3£8.2 64.3£7.8

Inhibition activity of the purified PtdIns on viral hemagglutination, virus-induced hemolysis
and infectivity of human influenza A viruses was detected as described under "Experimental
Procedures”. The maximum dilution of the PtdIns (starting concentration, | mM) showing com-
plete inhibition of hemagglutination (HAI) is defined as the hemagglutination inhibition titer.
The inhibition activity of the PtdIns against viral hemolysis or infection of MDCK cells by
viruses is expressed as IC5( (the concentration at which the hemolysis or the infection was

inhibited by 50% or 50% infection cells being inhibited). The data are expressed as mean =+ SD
of three independent experiments. Each experiment was carried out in duplicate. NeuSAc-PE,
which is a sialylphosphatidylenthanolamine derivative (24), was used as a control.
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A Phosphatidylinositol Bearing a Novel Branched-chain Fatty Acid from Rhodococcus equi Binds

to Viral Hemagglutinin and Inhibits the Infection of Cells*
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Running title: PtdIns inhibits infection by human influenza virus

SUMMARY

From aquatic bacteria Rhodococcus equi strain S,,o, we isolated a substance that strongly binds to
influenza virus. Structural analyses revealed that it is a unique type of phosphatidylinositol (PtdIns)
bearing a branched-chain fatty acid (l4-methyloctadecanoic acid). Using a TLC/virus-binding
immunostaining assay, this PtdIns bound to all subtypes of hemagglutinin (HA) of influenza A viruses
tested, isolated from humans, ducks and swine, and also to human influenza B viruses. Furthermore, the
PtdIns significantly prevented the infection of MDCK cells by influenza viruses, and also inhibited the
virus-mediated hemagglutination and low pH-induced hemolysis of human erythrocytes. We also used
purified hemagglutinin instead of virions to examine the interaction between viral HA and PtdIns,
showing that the PtdIns binds to hemagglutinin. These findings indicate that the inhibitory mechanism of
PtdIns on the influenza virus infection may be through its binding to HA and then enter the host cells

membrane together with virus, following inhibition the fusion between cell and virus membrane.



INTRODUCTION

Influenza virus initiates infection through a receptor-ligand interaction and subsequent receptor-
mediated endocytosis (/, 2). After entry, the components of the viral particle are disassembled in the
endosome where a low pH induces the imreversible conformational change of hemagglutinin (HA)',
resulting in fusion of the viral and endosomal membranes (3-6). The viral genome is then released from
the endosome and transported into the nucleus where replication occurs (7). After replication, viral
genomes leave the nucleus and progeny virus particles assemble and bud from the cellular membrane of
the infected cells (6, §).

Viral proteins, which provide essential functions during the life cycle of influenza virus, are potential
targets for the development of antiviral agents. Several agents involved in the infectious cycle have
already been documented (9-14). It is known that the sialic acid-containing glycoproteins or glycolipids
on cell surfaces are receptors for influenza viruses (/5-20). Two major virus glycoproteins, HA and
sialidase, mediate the interaction between influenza viruses and cellular receptors. They are responsible
for the attachment to target cells and for release of progeny viruses from the surface of infected cells,
respectively (/, 6). Therefore, many inhibitors of influenza viruses have been developed against virus HA
or/and sialidase (/4, 21-24). Several studies reported that neoglycoprotein or a synthetic co-polymer
containing sialic acid residue strongly inhibited the HA and sialidase activities, resulting in prevention of
influenza virus infection (24-30). However, the effects of most inhibitors are usually restricted to HA
subtypes of influenza virus isolates, and their stability has been influenced by the hydrolysis of sialic
acid-linkage by viral sialidase. Influenza virus vaccines are also dependent on viral specific antigen (3/).

Recent studies have shown that a desialylated glycolipid sulfatide also has receptor-like activity (49)
and that two desialylated glycoglycerolipids from Coryneform bacteria have binding and neutralizing
activities against influenza virus (32). As desialylaled glycolipids are not substrates for sialidase (38, 59),
which is a receptor-destroying enzyme and is integrated into the influenza virus envelope, they might be
useful as anti-influenza drugs.

Coryneform bacteria are gram-positive microorganisms, which are widely distributed in the
environment. Aquatic bacteria Rhodococcus equi (R. equi), a strictly aerobic gram-positive co-bacillus
belonging to the Corynebacterium family, is a facultative intracellular bacterium that can cause
pneumonia in both young horses and immunocompromised patients (33, 34). We purified a unique
phosphatidylinositol (PtdIns) bearing a novel branched-chain fatty acid from R. equi strain S,,, which
binds to all subtypes of HA of influenza virus tested. Furthermore, it was demonstrated that significantly

inhibits virus-mediated hemolysis and viral growth in tissue culture.



EXPERIMENTAL PROCEDURES

Preparation of lipids from R. equi strain S,;,—Two thousand aquatic soil samples were selected in
Japan and 257 bacteria were isolated, producing more than detectable levels of glycolipids, of which 27
strains were selected because of their high productivity as described previously (32). In R. equi strain S,,,
(Tab. 1), we found virus-binding substance, which was screened by a thin layer chromatography
(TLC)/virus-binding immunostaining method as described previously (24).

R. equi strain S,,, was cultivated in a 250-ml Erlenmeyer flask containing 30 ml of YMPG medium
[0.3% yeast extract (Difco), 0.3% malt extract (Difco), 0.5% polypepton (Nihon Pharmaceutical Co.), 1%
glucose, pH 7.0] for 20 hr at 28°C in a rotary shaker (220 rpm with a 50-mm stroke). The incubated-
aliquot (0.7 ml) was added to a 500-ml Erlenmeyer flask containing 70 ml of YSGG medium [0.4% yeast
extract, 0.1% soy flour, 1% glucose, 2% glycerol, 0.1% K,HPO,, 0.1% MgSO,-7H,0, 0.2% NaCl, 0.2%
CaCQs] and cultivated for 96 hr at 28°C. The culture was extracted with an equal volume of a
chloroform/methanol (1:1, v/v) solvent. The extract was used for this experiment,

Total lipids from strain S,,, were fractionated by Q-Sepharose column chromatography (36). The
developing solvent was a mixture of chloroform/methanol/water (60:35:8, v/v/v). Lipids were separated
on a TLC plate. The virus-binding substance was purified with LH-20 column chromatography (57).

Structure of the virus-binding substance—The virus-binding substance: colorless oil. [a];, +8° (c 0.37,
CHCI,). Figure 2A shows 'H NMR (CD,;OD/CDCl,, 10:1, v/v): 8, 0.84 (3H, d, J = 6.4 Hz, CH,), 0.88
(6H, t, /= 6.9 Hz, CH, x 2), 1.10 (2H, m, CH,), 1.27 (41H, m, CH and CH, x 20), 1.30 (2H, m, CH,),
1.35 (4H, m, CH, x 2), 1.59 (4H, m, CH, x 2), 2.30 (2H, t, / = 7.3 Hz, CH,-C=0), 2.33 (2H, t, /=7.3 Hz,
CH,-C=0), 3.20 (1H, t,J = 9.4 Hz, 5-H), 3.37 (1H, dd, /= 9.4 and 3.0 Hz, 3’-H), 3.62 (1H, t, /= 9.4 Hz,
4’-H), 3.76 (1H,t, /= 9.4 Hz, 6’-H), 3.89 (1H, br t, J= 9.4 Hz, 1’-H), 4.06 (2H, m, 3-H,), 4.17 (1H, t,J =
3.0 Hz, 2°-H), 420 (1H, dd, J = 12.2 and 7.0 Hz, 1-H), 4.45 (1H, dd, /= 12.2 and 3.1 Hz, 1-H), 5.24 (1H,
m, 2-H). Figure 2B shows *C NMR (CD,;0D/CDCl,, 10:1, v/v): 8. 15.3 (2C), 21.0, 24.4 (2C), 26.7 (2C),
30.9-31.8 (19C), 33.8 (2C), 34.6, 35.9 (2C), 38.9 (2C), 64.5 (C-1), 65.6 (Jop = 5.7 Hz, C-3), 72.6 (Jop =
7.6 Hz, C-2), 73.5 (C-3’), 73.7 (br, C-2°), 73.9 (Jep = 5.7 Hz, C-6°), 74.7 (C-4"), 76.9 (C-5"), 79.0 (br, C-
17), 175.4, 175.7. (+)FABMS m/z: 875 [M+Na]*, 593. (-)FABMS m/z: 851 [M-HJ, 689. (-)HRFABMS
m/z 851.5666 [M-H] (Calcd. For C,,Hg,0,;P: 851.5650).

Fatty acid analysis: 10% sodium methylate (0.6 m) was added to the sample (0.1 mg) in 0.2 ml
benzene and the reaction mixture was held at 60°C for 20 min. After the addition of a few drops of 1 N
AcOH to stop the reaction followed by 2 ml of distilled water, the reaction mixture was extracted with 2
ml of n-hexane. The n-hexane extract was evaporated to dryness and was then followed by fatty acid

analysis by gas chromatographic mass (GC-MS). The conditions for GC were: column, J & W Scientific



DB-1 (0.25 mm-by-15 m); column temperature, 100-270°C, raised at 20°C/min; injection temperature,
280°C; carrier gas, He, 1.2 kg/cm.

'H and ®C NMR spectra were recorded on a JEOL GSX500 (500 MHz for 'H NMR and 125 MHz for
3C NMR). FABMS and HRFABMS were obtained on a JEOL SX102A spectrometer (glycerol as matrix).
Optical rotation was measured on a JASCO DIP-370 digital polarimeter.

Viruses and antibodies—Influenza viruses from human isolates [A/PR/8/34 (HINI),
A/Singapore/1/57 (H2N2), A/Aichi/2/68 (H3N2), B/Lee/40 and B/Bangkok/163/90 strains], swine
isolates [A/swine /Hokkaido/2/81 (HIN1) and A/swine/Italy/309/83 (H3N2) strains] and avian isolates
[A/duck/HK/36/76 (HIN1), A/duck/HK/273/78 (H2N2), A/duck/HK/24/76 (H3N2), A/duck/HK/849/80
(HAN1) A/duck/HK/313/78 (H5N3) A/duck/HK/13/76 (H6N1) A/duck/HK/47/76 (H7N2), A/duck/HK
/86/76 (HON2), A/duck/HK/33/76 (H1O0N1), A/duck/HK/44/76 (HI1IN3) and A/duck/HK/862/80
(H12NS5) strains] were used for this study. Virus strains were propagated in the allantoic cavity of 11-day-
old chicken eggs for 48 h at 35°C and purified by sucrose density gradient centrifugation (24, 37, 38). To
obtain bromelain-cleaved HA (BHA), purified virus (A/Aichi/2/68 (H3N2) strain) was digested with
bromelain and purified as described previously (39, 40). Rabbit anti-influenza virus antibodies were
raised by immunization with various strains grown in eggs as described previously (18, 4/). Monocolonal
anti-HA (H3 subtype) antibody (MAb 2E10) was propagated as described previously (42).

Phospholipids and glycolipids—L-o-PtdIns [1,2-diacyl-sn-glycero-3-phospho-(1-D-myo-inositol)]
from bovine liver (Sigma P-8443) or from soybean (Sigma P-5954), L-a-glycerophospho-D-myo-inositol
from soybean (Sigma G-1891) and sialylphosphatidylethanolamine derivative (NeuSAc-PE) (24) were
used this study as controls. IV*NeuSAcnLc4Cer (NeuSAca2-3GalB1-4GleNAcB1-3Gal-B1-4Glc-B1-
ceramide) and [V*Neu-5AcnLc4Cer (Neu5Aca2-6Galp1-4GlcNAcP 1-3GalB1-4Glcp1-ceramide) were
prepared from human erythrocytes (43) and from human meconium (44), respectively.

Virus-binding immunostaining assay—Lipids were spotted on the Silica gel plastic plates (Polygram v
Sil G; Macherey-Nagel, Germany). Immunochemical detection of virion or BHA on the TLC plates was
performed as described previously (/8, 24). In the inhibition assay for virus binding, viruses were
preincubated with inhibitors for 1 hr at 4°C and were then used on the binding assay.

Hemagglutination and hemolysis inhibition assays—Hemagglutination and hemolysis inhibition
assays were performed as described previously (24, 38, 43, 46).

Neutralization assay—The neutralization of the Ptdins on human influenza A virus infection to Madin

Darby canine kidney (MDCK) cells was detected as described previously (47, 48).



RESULTS

Presence of a substance that binds 10 influenza viruses in R. equi strain S,,—Two thousand aquatic
soil samples were selected in Japan and 257 bacteria were isolated, producing more than detectable levels
of glycolipids, of which 27 strains were selected because of their high productivity. The TLC-separated
glycolipids were assayed for binding activity to human influenza viruses. R. equi strain S,,, showed one
active spot on all H1 (A/PR/8/34 strain), H2 (A/Singapore/1/57 strain) and H3 (A/Aichi/2/68 strain)
subtypes of human influenza A viruses (Fig. 1).

Structure of the virus-binding substance—The virus-binding substance gave a positive sign for
Dittmer’s test (50), indicating the presence of a phosphate group. The compound showed a
i)seudomolecular ion peak at mz 851, matching C, HgO\sP (HRFABMS: m/z 851.5666 [M-H], calcd. for
C4Hg50,5P: 851.5650). Both 'H and BC NMR spectra (Fig. 2A and Fig. 2B), together with a DEPT
spectrum, revealed that the substance contains two long-chain acyl groups, two oxygenated methylenes,
and seven oxygenated methines. The 'H-'"H COSY and 1D homonuclear Hartman-Hahn (HOHAHA)
spectra indicated the presence of a cyclitol moiety and a glycerol unit. The cyclitol was shown to be myo-
inositol on the basis of the 'H vicinal coupling constants of H-1" to H-6’ [J(1°/2°) = 3.0 Hz, J(2°/3’) = 3.0
Hz, J(3°/4")y = 9.4 Hz, J(4'/5°) = 9.4 Hz, J(5°/6’) = 9.4 Hz, J(6°/1’) = 9.4 Hz]. The phosphate was
determined to be attached at C-3 and C-1" on the basis of the >C-P coupling constants of C-2 (7.6 Hz), C-
3 (5.7 Hz), C-1’ (<2 Hz), C-2’ (< 2 Hz), C-6’ (5.7 Hz). The 'H chemical shifts of H,-1 (8 4.45 and 4.20)
and H-2 (8 5.24) signals indicate that both the C-1 and C-2 positions of the glycerol moiety are acylated.

Treatment of the compound with MeOH/MeONa afforded 16:0 and 19:0 fatty acid methyl esters
which showed molecular ion peaks at m’z 270 and 312, respectively, in the gas chromatography-electron
impact mass spectrum (GC-EIMS) (Fig. 2C). The 16:0 fatty acid methyl ester showed GLC retention time
and mass spectrum identical to those of authentic palmitic acid methyl esters. On the other hand, the
EIMS of 19:0 fatty acid methy! ester showed relatively intense peaks at m’z 255 [M-C,H,]*, originating
from a-cleavages with respect to the methine carbon atom carrying the methyl branch, and the absence of
a peak at m’z 241, corresponding to the ion [M-C;H,,]*. These findings indicated that the 19:0 fatty acid is
14-methyloctadecanoic acid. Thus, the structure of the virus-binding substance was determined to be a
PtdIns bearing a branched-chain fatty acid (Fig. 3).

By chemical staining analyses (50, 51), it was shown that the purified PtdIns was the main lipid
(16.5% of total lipids) and further is present as a major phospholipid (about 55% of phospholipids) in R.
equi strain Sy, (Fig. 2D, 2E). Purification rate of PtdIns was approximate 60%.

The binding specificity of the purified Ptdins to influenza viruses-~The binding specificity of the

purified Ptdins to influenza viruses was determined by a TLC/virus-binding immunostaining assay. As
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shown in Table II, all the isolates tested from human (A and B types) and animal (avian and swine)
species bound to the purified PtdIns. The binding specificity of various influenza viruses to the purified
PtdIns was different from their viral sialic acid-linkage specificity. These findings indicate that the
binding of purified PtdIns to virus were not dependent on the different isolates or HA types of influenza
viruses.

Inhibition activity of the purified PtdIns on the virus-mediated hemolysis and the cell infection by
influenza viruses—To determine the anti-viral activity of the purified PtdIns, we camried out
hemagglutination inhibition, hemolysis inhibition and neutralization assays. As shown in Table III, the
purified PtdIns potently reduced the releasing LDH activity of virus-infected MDCK cells in a dose
dependent manner. The ICys of the purified PtdIns (a concentration of purified PtdIns for 50% infection
being inhibited) to A/PR/8/34 (HIN1), A/Singapore/1/57 (H2N2) and A/Aichi/2/68 (H3N2) strains were
20.1+2.3, 14.743.2 and 10.4+4.1 uM (1 = 3 experiments), respectively. The inhibition activity of purified
PtdIns was about 6-fold stronger than that of NeuSAc-PE which was indicated previously a potent
inhibitor against human influenza virus (24). Similarly, the inhibition activity of the purified PtdIns to
virus-mediated hemolysis of erythrocytes was also stronger than that of Neu5Ac-PE. However, the
purified PtdIns exhibited weaker inhibition of viral hemagglutination relative to Neu5SAc-PE. These
findings show that the purified PtdIns significantly prevented both virus-mediated hemolysis and
infection by human influenza A virus in vitro, and was effective against influenza A viruses regardless of
subtypes.

Inhibition activities of PtdInses containing different fatty acid residues—To examine the influence of
species of fatty acid residues to viral infection, we tested PtdInses containing three types of fatty acid
residues as inhibitors of influenza viruses. As shown in Table IV, thé inhibition activities of PtdInses each
other were significantly different. The effect of the PtdIns from R. equi strain S, on virus-mediated
hemolysis and cell infection by influenza virus in vitro were 15-fold and 40-fold stronger than those of
PtdInses from bovine liver or soybean, respectively. We also used a fatty acid-free PtdIns [sn-glycero-3-
phosphatidylinositol (GPI)] in these experiments. Although the GPI inhibited viral hemagglutination at a
concentration of 1 mM, it did not inhibit either the virus-mediated hemolysis or viral infection of MDCK
cells even at a concentration of 2 mM (data not shown). These findings indicate that the fatty acid residue
on PtdIns might be an indispensable part of their inhibition of viral hemolysis and viral replication.

Binding of the purified PtdIns to bromelain-cleaved hemagglutinin---The above findings indicate that
the purified PtdIns prevents influenza virus infection. In order to clarify the mechanism of its anti-
influenza activity, we used the bromelain-cleaved hemagglutinin (BHA) of A/Aichi/2/68 (H3N2) virus

instead of virus particles for TLC/virus-binding assay. The binding specificity of PtdIns to BHA on plates
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was examined using mouse monoclonal anti-HA (H3) antibody and HRP-conjugated goat anti-mouse
IgG+IgM (H+L) (Jackson Immunoresearch Laboratories). As shown in Fig. 4, the BHA clearly bound to
the purified Ptdins as well as IV®NeuSAcnLc4Cer. This experimental finding indicates that HA of

influenza virus is a component in the binding to purified PtdIns.

DISCUSSION

In this study, we isolated and purified a unique type of phosphatidylinositol (PtdIns) from R. equi,
bearing a branched-chain fatty acid (14-methyloctadecanoic acid). Furthermore, we first found that it
strongly inhibited the virus-induced hemolysis and the infection of influenza virus in vitro. The discovery
evidently indicates existence of new type anti-influenza compounds in microorganisms. Otherwise, it is
shown PtdIns in R. equi strain S,, is the main phospholipid and accounts for about 55% of total
phospholipids, because the ratio of Ptdlns in Corynebacteria is usually lower than 10% of total
phospholipids (52, 56). This creates favorable condition for opening up new agents against influenza.

Phosphatidylinositol is usually present in the inner layer of the cellular membrane lipid bilayer and is
a precursor for several prominent intracellular signaling molecules (35, 53-55). In this study we have first
studied phosphatidylinositol regard as an inhibitor against influenza virus.

The binding of influenza virus to sialic acid has been shown to depend on the molecular species of
sialic acid, the sialic acid-Gal linkage and the carbohydrate core structure of ganglioside (/9). Therefore,
the anti-influenza effects of the sialic acid-containing inhibitors are usually restricted by these factors. It
is a novel finding that the PtdIns from R. equi strain S,,, binds to influenza viruses and that it significantly
inhibits the influenza virus infection in vitro. The inhibitory activity of the purified PtdIns on influenza
viruses is not restricted to animal species or types (or subtypes) of viral HA. The purified PtdIns from
strain S,,, may be considered a new type of anti-influenza virus agent, widely effective against human and
animal influenza A viruses.

The finding show that purified PtdIns from strain S,,, strongly inhibited the virus-mediated hemolysis
in comparison with sialic acid-containing inhibitors, or other PtdInses from different materials. We also
confirmed that the purified PtdIns attached to viral HA and that the binding position of PtdIns differs
from the sialic acid-binding pocket and may be close to the pocket on the head of the HA trimer. The
finding on HAI also indicated that the effect of purified PtdIns on the sialic acid-binding pocket of viral
HA is weaker. Regarding the anti-influenza virus mechanism of the purified PtdIns, one possibility is that
PtdIns adheres to the viral HA and then enters the endosome together with the virion, resulting in
interference with the fusion of viral and endosomal membranes.

We also used other phospholipids in the same experiment to compare their effects against influenza



viruses (data not shown). Bovine liver PtdIns, phosphatidylserine (PS, from bovine brain, Sigma P-7769)
and phosphatidylenthanolamine (PE, from bovine brain, Sigma P-7693), all of which carry a negative
charge, bound to influenza viruses, but neutral glycophospholipids such as phosphatidylcholine (PC, from
bovine liver, Sigma P-6638) and sphingomyelin (SM, from bovine brain, Sigma S-7004) did not. None of
PC, PE and SM showed inhibition activities of virus-induced hemolysis at a concentration of 2 mM. Both
bovine liver PtdIns and PS showed inhibition activities, but their effects were much lower than that of the
purified Ptdins. Adhesion of phospholipids to viral HA may be an indispensable step in preventing
influenza virus infection. It is noteworthy that the virus binding activity of bovine liver PtdIns to
influenza viruses was similar to that of purified PtdIns, however the inhibitory activity of bovine liver
PtdIns on the influenza virus-mediated fusion was lower than that of the purified bacterial PtdIns. The
structural difference between the purified PtdIns and bovine liver PtdIns is that it bears a branched-chain
fatty acid. L-a-glycerophospho-D-myo-inositol from soybean, which has no fatty acid residue, showed no
inhibitory activity of virus-mediated hemagglutination and hemolysis. These findings indicate that the
phosphatidylinositol and branched fatty acid residue may be important for the binding of viral HA and for
interfering with membrane fusion, respectively, leading to inhibition of infection by influenza viruses.
Some sialic acid-containing derivatives usually inhibit the attachment of viral HA to target cells
and/or the enzymatic activity of viral sialidase, thus preventing infection by influenza virus. In contrast,
the purified PtdIns preferentially targets virus-mediated cellular membrane fusion. Qur hypothesis is that
PtdIns binds near the fusion loop of HA, resulting in interference with the fusogenic function of viral HA,

thus preventing the growth of human influenza A virus.

FOOTNOTES

* This work was supported in part by Grants-in-aid 06454211, 05274101, 08457098, 07044286,
07557166 (Y. S.) for Scientific Research from the Ministry of Education, Science and Culture of Japan,
and for Japan-Chain Medical Association.

' The abbreviations used are: HA, HA; MDCK, Madin Darby canine kidney; NeuSAcnLc4Cer,
Neu5Ac-Galp1-4GlcNAcB 1-3GalB1-4Glcp 1-ceramide; PtdIns, phosphatidylinositol; TLC, thin layer
chromatography; YMPG medium, 1% glucose, 0.3% yeast extract, 0.3% malt extract, 0.5% polypepton,
pH 7.0; YSGG medium, 1% glucose, 2% glycerol, 0.4% yeast extract, 0.1% soy flour, 0.1% K,HPO,,
0.1% MgS0,-7H,0, 0.2% NaCl, 0.2% CaCO,.
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Table and Figures

TABLE 1. Microbiological property of Rhodococcus equi strain S,,,.

TABLE II. Binding reactivities of human, avian and swine isolates of influenza virus to the PtdIns

from R. equi strain S, The binding activities of human, avian and swine isolates of influenza
virus to purified PtdIns were determined with a TLC/virus-binding immunostaining assay as
described under “Experimental Procedures”. IV*NeuSAcnLc4Cer and IV*Neu5AcnLc4Cer were
used as positive controls. The data are expressed as mean = SD of three independent experiments

and as a percentage of that of IV*NeuSAcnLc4Cer and IVéNeu5AcnLc4Cer.

TABLE III. Inhibition of the purified PtdIns from R. equi strain S,,, on viral hemagglutination,
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TABLE

virus-mediated hemolysis and cell infection by human influenza A viruses. Inhibition
activity of the purified PtdIns on viral hemagglutination, virus-mediated hemolysis and cell
infection by human influenza A viruses was detected as described under "Experimental
Procedures". The maximum dilution of the PtdIns (starting concentration, 1 mM) showing
complete inhibition of the hemagglutination (HAI) is defined as the hemagglutination inhibition
titer. The inhibition activity of the PtdIns against viral hemolysis or viral infection of MDCK
cells is expressed as ICs, (the concentration at which hemolysis was inhibited by 50% or 50%
infection cells being inhibited). The data are expressed as mean®SD of three independent
experiments. Each experiment was carried out in duplicate. NeuS5Ac-PE, which is a
sialylphosphatidyl-enthanolamine derivative (24), was used as a control.

IV. Influence of fatty acid residues of PtdIns on viral hemagglutination, virus-mediated
hemolysis and cell infection by influenza virus. Inhibition activities of PtdInses containing
different fatty acid residues on viral hemagglutination, virus-mediated hemolysis and infection
of MDCK cells by A/Aichi/2/68 (H3N2) strain were detected as described under "Experimental
Procedures”. The maximum dilutions of samples (starting concentration, 1 mM) showing
complete inhibition of the hemagglutination (HAI) are defined as the hemagglutination
inhibition titer. The inhibition activities of samples against viral hemolysis or viral infection of
MDCK cells are expressed as ICs, (the concentration at which hemolysis was inhibited by 50%
or 50% infection cells being inhibited). The data are expressed as mean -t SD of three

independent experiments. Each experiment was carried out in duplicate.

Fig. 1. Binding specificity of the purified PtdIns to human influenza A viruses. The binding

specificity of the PtdIns isolated from aquatic bacteria R. equi strain S,,, (2 nmol) (lane 2) to
human influenza A viruses [A/PR/8/34 (HINI) (a), A/Singapore/1/57 (H2N2) (b), and
A/Aichi/2/68 (H3N2) (c)] was determined by TLC/virus-binding immunostaining assay as
described under “Experimental Procedures”. TLC Plate was visualized with orcinol-H,S0,
reagent (d). IV¥NeuSAcnLc4Cer (lane 1) and IV*°Neu5AcnLc4Cer (lane 3) (1 nmol) were used as

positive controls.

Fig. 2. A: An 'H-detected multiple-bond heteronuclear multiple quantum coherence spectrum of the

PtdIns from R. equi strain S,

B: A "C-detected multiple-bond heteronuclear multiple quantum coherence spectrum of the

PtdIns from R, equi strain S,

C: A gas chromatography-electron impact mass spectrum of the PtdIns from R. equi strain S,

D and E: Profile of phospholipids and total glycolipids from R. equi strain S,,;,. Profiles of
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phospholipids (plate D) and glycolipids (plate E) were visualized with Dittmer’s reagent and
orcinol-H,S0, reagent, respectively. Lane 1 is total lipids and lane 2 is the purified PtdIns (2
nmol).

Fig. 3. Structure of the PtdIns from R. equi strain S,

Fig. 4. Binding of the purified PtdIns to bromelain released ectodomain of influenza hemagglutinin
from A/Aichi/2/68 (H3N2) strain. The binding of purified Ptdlns (2 nmol) (lane 2) to
bromelain-released ectodomain of influenza HA (BHA) from A/Aichi/2/68 (H3N2) strain was
determined using a TLC/HA-binding immunostaining assay as described under “Experimental

Procedures”. IV’NeuSAcnLc4Cer (1 nmol) (lane 1) was used as a positive control.
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Fig. 3

Fig. 4
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TABLE 1. Microbiological property of Rhodococcus equi strain S, .

Strain S420

Colony
Shape Flat and round
Tone Buttery, opaque, and beige

Cell shape
Shape Long-rod
Width 0.8 um
Moving -
Gram-staining
Spore formation

Enzymatic properties
Pyrazinamidase
Pyrrolidonearylamidase
Alkaline phosphatase
Catalase
B-Glucuronidase
B-Galactosidase
B-Glucosidase
N-Acetyl-B-glucosaminidase
Urease
Esculin hydrolyzation
Gelatin hydrolyzation
Nitrate reduction

Fermentation ability
Glucose
Ribose
Xylose
Mannitol
Maltose
Lactose
Sucrose
Glycogen

S
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TABLE 1. Inhibition of the purified PtdIns from R. equi strain S42¢ on viral hemaggluti-
nation, virus-induced hemolysis and infectivity by human influenza A viruses.

Inhibition activity of purified PtdIns Inhibition activity of NeuSAc-PE
Viruses HA

Hemolysis Cell infection HA  Hemolysis  Cell infection
(uM)  (ICs50,uM) (IC50, M)  (uM) (IC50, uM)  (IC50, pM)

A/PR/8/34 500 503%x7.2 20.1£23 >1000 >1000 >1000
A/Singapore/1/57 500 424156 147£3.2 32 158.5£7.4 94.7£5.2
A/Aichi/2/68 250 389%49 10.4+4.1 16 142382 64.3£7.8

Inhibition activity of the purified PtdIns on viral hemagglutination, virus-induced hemolysis
and infectivity of human influenza A viruses was detected as described under "Experimental
Procedures". The maximum dilution of the PtdIns (starting concentration, 1 mM) showing
complete inhibition of hemagglutination (HAI) is defined as the hemagglutination inhibition
titer. The inhibition activity of the PtdIns against viral hemolysis or infection of MDCK cells
by viruses is expressed as IC5¢ (the concentration at which the hemolysis or the infection was

inhibited by 50% or 50% infection cells being inhibited). The data are expressed as mean=* SD
of three independent experiments. Each experiment was carried out in duplicate. Neu5Ac-PE,
which is a sialylphosphatidylenthanolamine derivative (24), was used as a control.



TABLE II. Binding reactivities of human, avian and swine isolates of
influenza virus to the purified PtdIns from R. equi strain S49(.

Relative binding reactivity (%)
IV3NeuSAcnLedCer  1VONeuSAcnLcAdCer PtdIns

Influenza virus

Human isolates

A/PR/8/34 (HINT) 100 12+6 266
A/Singapore/1/57 (H2N2) 214 100 43%£5
A/Aichi/2/68 (H3N2) 26%5 100 48+7
B/Lee/40 162 100 28%5
B/Bangkok/163/90 1838 100 316
Avian isolates
A/duck/HK/36/76 (HINT) 100 42+8 518
A/duck/HK/273/78 (H2N2) 100 1345 19+6
A/duck/HK/24/76 (H3N2) 100 10£3 386
A/duck/HK/849/76 (H4N1) 100 168 347
A/duck/HK/313/76 (HSN3) 100 5616 316
A/duck/HK/13/76 (H6N1) 100 156 365
A/duck/HK/47/76 (HTN2) 100 22*9 3317
A/duck/HK/86/76 (HON2) 100 326 405
Afduck/HK/33/76 (HION1) 100 28%5 33%5
A/duck/HK/44/76 (H11N3) 100 21%4 30438
A/duck/HK/862/80 (HI2NS) 100 14£2 3717
Swine isolates
A/swine/Hokkaido/2/81 (HINI) 13£5 100 33%5
Alswine/ltaly/309/83 (H3N2) 15+3 100 31x7

The binding activities of human, avian and swine isolates of influenza virus to purified
PtdIns were determined with a TLC/virus-binding immunostaining assay as described

under "Experimental Procedures". IV3Neu5AcnLc4Cer and IVONeu5AcnLc4Cer were
used as positive controls. The data are expressed as mean=®=SD of three independent

experiments and as a percentage of that of [V3Neu5AcnLc4Cer and IVSNeu5AcnLc4Cer.



TABLE 1V. Influence of fatty acid residues of PtdIns to viral hemagglutination, virus-induced hemolysis and influenza virus
infection.

Inhibition activities

Binding
Sy it Hemolysis Ccll infection
Phosphatidylinositols id resi activities
P ¥ Fatty acid residue . HA (IC50,uM) (IC50,uM)
Ptdins from strain S420 M-Mcthy:lgcutuf:lccanoic acid 435 500 38.9+ 4.9 10.4 +4.1
and palmitic acid
PtdIns from bovine liver Stearic acid and arachidonic acid 41%6 500 578.4%5.6 360.7£5.2
PtdIns from soybean Palmitic acid and linoleic acid 39+7 500 616.4+£9.7 396.1+8.3
Glycerophosphatidylinositel -\ ry1y 40id residuc ND >1000 >1000 >1000

from soybean

Inhibition activities of Ptdins containing differcnt fatty acid residues on viral hemagglutination, virus-induced hemolysis and
infeetion of MDCK cells by human influenza A virus (A/Aichi/2/68 strain) to MDCK cells were detected as deseribed under
"Experimental Procedures”. The maximum dilutions of samples (starting concentration, 1 mM) showing complcte inhibition of
hemagglutination (HAI) arc defined as the hemagglutination inhibition titer. The inhibition activitics of samples against viral
hemolysis or infection of MDCK cells are expressed as ICgq (the concentration at which the hemolysis or the infection was
inhibited by 50% or 50% infcction cclls being inhibited). The data are expressed as mean £ SD of threc independent experiments.
Each cxperiment was carried out in duplicate.



