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Summary

Influenza virus type C (Johannesburg/1/66) was used as a source for the
enzyme O-acetylesterase (EC 3.1.1.53) with several natural sialoglycoconjugates as
substrates. The resulting products were immediately employed as substrates using
influenza virus type A [(Singapore /6/86)} (HIN1) or Shanghai/ 11 /87 (H3N2)] as
a source for sialidase (neuraminidase, EC 3.2.1.18). A significant increase in the
percentage of sialic acid released was found when the O-acetyl group was cleaved
by O-acetylesterase activity from certain substrates (bovine submandibular gland
mucin, rat serum glycoproteins, human saliva glycoproteins, mouse erythrocyte
stroma, chick embryonic brain gangliosides and bovine brain gangliosides). A
common feature of all these substrates is that they contain N-acetyl-9-O-
acetylneuraminic acid residues. By contrast, no significant increase in the release
of sialic acid was detected when certain other substrates could not be de-O-
acetylated by the action of influenza C esterase, either because they lacked
O-acetylsialic acid (human glycophorin A, «,-acid glycoprotein from human serum,
fetuin and porcine submandibular gland mucin) or because the 4-O-acetyl group
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was scarcely cleaved by the viral O-acetylesterase (equine submandibular gland
mucin). The biological significance of these facts is discussed, relative to the

infective capacity of influenza C virus.

Influenza C virus; O-Acetylesterase; Sialidase; Neuraminidase; Glycoconjugates

O-Acetylesterase (EC 3.1.1.53, N-acyl-O-acetylneuraminate O-acetylhydrolase)
and sialidase (EC 3.2.1.18, neuraminidase, acylneuraminyl hydrolase, exo-a-siali-
dase) (Cabezas, 1991) are surface components of influenza viruses which act as
receptor-destroying enzymes (RDE). This sialidase is found in influenza A and B
viruses, but not in influenza C virus. In contrast, O-acetylesterase is found in
influenza C virus (but not in influenza A and B viruses) (Herrler et al., 1979;
Herrler et al., 1981) as a component of the HEF glycoprotein, the only myxovirus
trifunctional protein showing hemagglutinin (H) and esterase (E) activitics and
fusion power (F) (Herrler et al., 1988a; Herrler et al., 1988b). Furthermore, a
hemagglutinin-esterase (HE) has been recently found in coronaviruses. Knowledge
of the composition and functional differences between influenza viruses A or B
and C is now considered sufficient to include influenza virus type C as a new genus
in the future classification of virus (Cabezas et al., 1991).

The role of both O-acctylesterase and sialidase in the biological cycle of
influenza viruses is considered to be very important in the propagation of the virus
(since both enzymes could contribute to avoiding the aggregation of the virions on
the host cell), although the action mechanisms are not vet well understood.
However, Roger et al. (1986) and Herrler and Klenk (1987) have found that
influenza C virus uses N-acetyl-9-O-acetylneuraminic acid as a high affinity recep-
tor determinant for attachment to cells.

Since, (1) some outbreaks of influenza produced by influenza C virus can occur
in coincidence with outbreaks produced by influenza B virus at least (Gerber et al.,
1952). (2) infection by influenza C virus occurs in nearly all age groups including
children (Gerber et al., 1952; Katagiri et al., 1983; Katagiri et al., 1987; Manuguerra
et al., 1991b) and elderly persons (Homma et al.,, 1982; Nishimura et al., 1987;
O’Callaghan et al., 1980; O’Callaghan et al.. 1983), even among those living in
isolated communities (Nishimura et al.. 1987), and (3) recurrent infection with
influenza C virus occurs frequently (Katagiri, 1983) and in certain cases with
severity (Dykes et al., 1980), it seemed interesting to investigate whether the action
of the viral O-acetylesterase on some natural substrates could affect the action of
the viral sialidase.

The virus strains used were A /Singapore/6,/86 (HIN1), A /Shanghai/ 11 /87
(H3N2) and C/Johannesburg/1/66 (briefly designated as C/JHB/1/66). The
viruses were grown and purified as previously reported (Cabezas et al., 1982:
Garcia-Sastre et al., 1991; Manuguerra et al., 1991a). The high degree of purity of
the final influenza virus preparations was checked by SDS /PAGE electrophoresis
(Laemmli, 1970; Garcia-Sastre et al.. 1991,
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Mouse erythrocyte stroma was prepared in our laboratories after hemolysis of
3-month-old Balb/c mouse red cells (Manuguerra et al., 1991a). Rat serum
glycoproteins were prepared by precipitation with ethanol and lyophylization of rat
serum. Human saliva glycoproteins were obtained as previously reported (Cabezas
et al., 1964). Gangliosides from 20-day chick embryonic brains were prepared by
Dr. C. Dubois (Paris), as previously described (Dubois et al., 1990). In this
procedure, attention was paid to avoiding alkaline conditions which could induce
de-O-acetylation of the gangliosides. Equine submandibular gland mucin was a gift
from Dr. R. Pfeil (Kiel, Germany) and porcine submandibular gland mucin was a
gift from Dr. L. Warren (Philadelphia, USA). All other reagents were obtained
from Sigma (St. Louis, MO, USA) and were of the highest purity commercially
available.

Sialidase activity was determined in influenza A virus samples by a fluorimetric
procedure (Warner and O’Brien, 1979), essentially as previously described (Cabe-
zas et al., 1982; Cabezas et al., 1983), measuring the relative fluorescence of the
4-methylumbelliferone released by the sialidase activity from the substrate 4-meth-
ylumbelliferyl-N-acetylneuraminic acid after 10 min of incubation at 37°C in 200
mM potassium phosphate buffer, pH 6.8. O-Acetylesterase activity in influenza C
virus samples was determined using 4-methylumbelliferyl-acetate as substrate, as
previously reported (Garcia-Sastre et al., 1991; Schauer et al., 1988a). When
glycoproteins and gangliosides were used as substrates, the acetate released was
measured with a commercial test kit from Boehringer (Mannheim, Germany; cat.
no. 148 261) at 340 nm in a Cary 219 or in a Hitachi U-2000 spectrophotometer.
Total sialic acids (expressed as N-acetylneuraminic acid) were determined by the
modified (Miettinen and Takki-Luukkainen, 1959) resorcinol procedure (Sven-
nerholm, 1957). Free sialic acid was determined by the periodate-thiobarbiturate
method (Aminoff, 1961; Warren, 1959).

Assays to measure both sialate O-acetylesterase and sialidase activities were
carried out at 37°C for 1 h in incubation mixtures containing 5 ul (240 mU) of
influenza C/JHB/1/66 virus in 20 mM potassium phosphate buffer (pH 7.6) and
the substrate (about 500 pg glycoprotein, with 7-50 wg total sialic acid). The
reaction was stopped by freezing. Then, 5 ul (252 mU) of influenza A virus
preparation was added in 200 mM potassium phosphate buffer (pH 6.2). Incuba-
tion was carried out at 37°C for 1 h and stopped by freezing. Influenza C virus,
inactivated at 100°C for 15 min, was used as a blank. Parallel assays for measuring
the sialidase activity of influenza A virus were also run, containing a blank of
influenza C virus inactivated at 100°C for 15 min. Another blank was included,
which contained inactivated influenza C virus at 100°C plus influenza A virus
inactivated at 100°C.

When a mixture of bovine brain gangliosides was used as substrate, the assays
were carried out with samples of 175 pg (containing 50 wg total sialic acid, as
N-acetylneuraminic acid). In some assays, gangliosides were previously de-O-
acetylated by adding an equal volume of ammonium hydroxide (concentrated) to
the sample. Then, incubations for 2 h at room temperature and evaporation over
N, for 72 h were carried out, as previously described (Ravindranaths et al., 1988).
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Protein concentrations were determined {Lowry et al., 1951) using bovine serum
albumin as standard. One unit of enzyme (U) was defined as the amount of
enzyme which releases 1 pmol of product (4-methylumbelliferone or acetate) per
minute under the assay conditions.

Table 1 shows that the percentage of sialic acid released by influenza A virus
sialidase with N-acetyl-9-O-acetylneuraminic acid-containing substrates [bovine
submandibular gland mucin (BSM), rat serum glycoproteins, human saliva glyco-
protein and mouse erythrocyte stroma glycoconjugates] was significantly increased
when these compounds had previously been subjected to the action of influenza C
virus (O-acetylesterase.

However, no significant differences were found in the percentage of sialic
acid(s) released from substrates lacking O-acetyl groups (human glycophorin A,
a-acid glycoprotein from human serum, fetuin and porcine submandibular gland
mucin) treated by O-acetylesterase plus sialidase and the respective substrates
subjected to the action of sialidase alone (O-acetylesterase was previously inacti-
vated by heating).

Although equine submandibular gland mucin contains an O-acetylsialic acid,
the viral O-acetylesterase only works at a very slow rate. This sialic acid is
N-acetyl-4-O-acetylneuraminic acid, with substitution at the hydroxyl group on
carbon 4 (Fig. 1, ID.

Human glycophorin A has not been reported to contain Neu5.9Ac, but does
contain N-acetylneuraminic acid (Blumenfeld and Adamany, 1978; Gahmberg et
al.,, 1983). As previously reported by us (Garcia-Sastre et al., 1991), we have
confirmed that glycophorin was not hydrolysed by the viral O-acetylesterase.
However, this result is not in agreement with the suggestion of Nishimura et al.
(1988) ‘that most influenza C virus receptors on human erythrocytes, if not all,
reside on glycophorin A’. In contrast, mouse erythrocyte stroma glycoconjugates,
which contain Neu5,9Ac, (Reuter et al, 1991), were cleaved by the viral O-
acetylesterase.

We also found that acetate was released from BSM, rat serum glycoproteins and
human saliva glycoproteins by the action of influenza C virus O-acetylesterase, as
expected, whereas human glycophorin A, «,-acid glycoprotein from human serum,
fetuin and porcine submandibular gland mucin were not cleaved (Table 1).

Our results on the hydrolysis of chick embryonic and bovine brain gangliosides,
which contain Neu5,9Ac, (Dubois et al., 1990; Zimmer et al., 1991), disclosed a
low percentage of sialic acid released after treatment by esterase plus sialidase
when the assays were carried out without a detergent (Table 1). Similar results
were obtained when bovine brain gangliosides were de-O-acetylated with ammo-
nium hydroxide. The low degree of hydrolysis after both types of treatment could
be due to the experimental conditions, which probably were not similar to those of
the cell. Therefore, we added deoxycholate, as a detergent. This led to a remark-
able increase in the percentage of sialic acid released (Table 1). This increase was
higher when influenza C virus O-acetylesterase acted prior to influenza A virus
sialidase on either chick embryonic or bovine brain gangliosides.
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Fig. 1. Structure of N-acetyl-9-O-acetylneuraminic acid (I), N-acetyl-4-O-acetylneuraminic acid (11} and
N-acetylneuraminic acid (ITD.

Upon treatment of bovine brain gangliosides by ammonium hydroxide for 2 h, a
partial de-O-acetylation was accomplished and some unidentified degradation
products were also originated. Thus, de-O-acetylation performed by the viral
esterase seems to be more efficient and milder than that due to alkali treatment, at
least on bovine brain gangliosides.

The sialidase activity of influenza virus A /Singapore /6 /86 (HIN1) was always
higher than that of influenza virus A /Shanghai/ 11/87 (H3N2). Accordingly, we
used the former with all substrates here indicated. However, the latter also acted
when BSM was used as substrate, although with less efficiency (about 16% lower).

The specificity of influenza C virus O-acetylesterase seems to be a complicated
matter. In fact, this specificity is very strict towards sialic acids (Schauer et al.,
1988a; Schauer et al., 1988b), while it is broad towards very different O-acetyl-con-
taining compounds both synthetic and natural non-sialic acid-containing substrates
{Garcia-Sastre et al.,, 1991). However, the very low capacity of influenza C virus
O-acetylesterase to release the 4-O-acetyl group from N-acetyl-4-O-acetylneura-
minic acid, as well as its inactivity towards N-acetyl-7-O-acetylneuraminic acid
(Schauer et al., 1988a), could be explained by the relatively hidden position of both
4-O-acetyl (Fig. 1, II) and 7-O-acetyl groups in the molecule, and by the possibility
of steric hindrance due to the 5-N-acetyl group situated in their proximity (Fig. 1).
By contrast, the ecasy accessibility of the 9-O-acetyl group because of its terminal
position in that physiological substrate of the enzyme which is the Neu5,9Ac, (Fig.
I, I) could be similar to that of the O-acetyl group(s) in very different O-acetyl-
containing compounds which act as substrates for this enzyme (Garcia-Sastre et al.,
1991).

The possibility that O-acetylesterase of influenza virus type C might facilitate or
enable the action of the influenza viral sialidase has only been suggested (Schauer
and Reuter, 1988; Schauer et al., 1988b), as has the possibility that it might play
some role in the entry of the virus into host cells (Vlasak et al., 1989). Our present
results demonstrate the possibility of co-operation of influenza C virus (through
the action of its O-acetylesterase) in the activity of influenza A virus, increasing
the effect of influenza A virus sialidase on natural NeuS5,9Ac,-containing sub-
strates. This phenomenon could probably be explained by the better accessibility of
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N-acetylneuraminic acid (Fig. 1, IID) than that of Neu5,9Ac, (Fig. 1, I), the former
compound working better as substrate for influenza A virus sialidase than the
latter.

Finally, the recurrence of infection may play an important role in the persis-
tence of type C influenza virus in humans (Katagiri et al., 1983). In this sense, it is
noteworthy that infections produced experimentally in dogs (Ohwada et al., 1986)
and naturally in children (Katagiri et al., 1983; Katagiri et al., 1987) by influenza C
virus both are accompanied by the presence and shedding of the infective virus in
the respiratory tract for a relatively long period of time, in some cases as long as
three weeks (Katagiri et al., 1983; Katagiri et al., 1987). Since it is known that
sialidase contributes to the propagation of influenza viruses types A and B, it
might be suggested that the biological significance of influenza C virus (through its
O-acetylesterase activity), in co-operation with influenza A or B viruses, could be
more important than generally accepted until now. Acetylesterase might contribute
to unmasking new receptor sites and to affording enough time for an easier
superinfection by type A or B influenza virus,
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