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Summary. Transmissible gastroenteritis virus was readily adsorbed onto chicken
erythrocytes at 4°C. The hemagglutinin thus adsorbed could be eluted from
the erythrocytes by incubating in phosphate buffered saline at 37°C. The re-
ceptor on chicken erythrocytes for the hemagglutinin was inactivated by neur-
aminidase and potassium periodate, but not by trypsin, 2-mercaptoethanol and
formalin. The hemagglutinin was inactivated by trypsin, papain, pepsin,
a-amylase, phospholipase C, neuraminidase, formalin, 2-mercaptoethanol, po-
tassium periodate, ethylether, chloroform, Tween-80 and B-propiolactone, but
not by sodium deoxycholate and trichlorotrifluoroethane, suggesting that the
active component of the hemagglutinin involved glycoproteins. The hemagglu-
tinin was stable at 37°C or lower temperatures but not at 60°C or higher
temperatures. The hemagglutinin activity was resistant to ultraviolet irradiation,
while the infectivity was very susceptible. The hemagglutinin and the infectivity
were readily sedimented by ultracentrifugation at 45,000 x g for 60 minutes. In
rate zonal centrifugation of the hemagglutinin preparation on a sucrose density
gradient, the hemagglutinin activity showed a sharp peak at 1.19 g/ml coinciding
with the peak of infectivity. The activity in the peak fraction seemed to be
structually associated with virus particles.

Introduction

Transmissible gastroenteritis (TGE) virus, a member of the family Corona-
viridae, causes a highly contagious disease of swine characterized by vomiting,
profuse watery diarrhea, and high mortality in pigs less than 2 weeks of age.
Hemagglutination (HA) by some coronaviruses, such as human coronavirus
(HCV) [11, 12, 15, 19], bovine coronavirus (BCV) [15, 19, 21, 24], hemagglu-
tinating encephalomyelitis virus (HEV) [7, 15, 16, 18, 19, 20], and infectious
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bronchitis virus (IBV) [1, 2, 3], has been reported. We have also shown TGE
virus to agglutinate erythrocytes from chickens, guinea pigs, and cattle [17].

In the present study we further investigated the physicochemical properties
of the TGE virus hemagglutinin.

Materials and methods
Virus

Three strains of TGE virus were used: the TO strain [4] isolated in Japan, and the Miller
[26], and Purdue strains {14] isolated in the U.S.A. All were supplied by Dr. S. Furuuchi,
National Institute of Animal Health, Tsukuba, Japan. The TO strain was used in this
study, unless otherwise stated. These strains were passaged in primary swine kidney (SK)
cell cultures before use in this study.

Cell culture

CPK cells, a continuous cell line derived from pig kidney [13], were grown at 37°C in
Eagle’s minimum essential medium (MEM) containing 10% inactivated calf serum 10 per
cent tryptose phosphate broth (TPB), 1 per cent of 7 per cent NaHCO;, 100 units/ml
penicillin, 100 pg/ml streptomycin, 100 pg/mi kanamycin and 2 pg/ml fungizon. The main-
tenance medium (MM) was MEM containing 10 per cent of TPB, 2 per cent of 7 per cent
NaHCOj; and antibiotics as above.

Preparation of hemagglutinin

Confluent cultures of CPK cells prepared in 500 ml bottles were inoculated with 200 TCIDs,
(see below) of virus, 30 ml of MM added, and incubated at 37 °C for 4 days or longer until
the cytopathic effect was complete. The culture fluid was clarified by centrifugation and
concentrated by ultracentrifugation as described previously [17] and a 100-fold concentrated
suspension was made with Dulbecco’s phosphate buffered saline (PBS) (pH 7.2). The hem-
agglutinin thus prepared was stored at 4°C or —80°C.

HA test

This was carried out by the microtiter method using chicken erythrocytes, unless otherwise
stated, as described previously [17]. The diluent used was PBS. Blood was obtained in
Alsever’s solution and stored at 4°C. Erythrocytes were used in a 0.5 per cent suspension
for the HA test. Serial 2-fold dilutions of the hemagglutinin were prepared in 0.025ml
volumes, and mixed with 0.025 m! of erythrocyte suspension after adding 0.025 ml of PBS.
The mixtures were incubated at 4°C overnight before the results were read. The HA titer
was expressed as the reciprocal of the highest hemagglutinin dilution showing complete
HA.

Infectivity assay

In the infectivity assay of the TGE virus, CPK cell cultures were prepared in 11 X 100 mm
tubes. Serial decimal dilutions of the virus suspension in MM were inoculated in 0.1 ml
volume into 4 tube cultures per virus dilution and 0.5 ml of MM were added to each tube.
The cultures were incubated at 37 °C in a roller drum for 5 days, examined for any cytopathic
effect and the TCIDs, titer was calculated.
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Adsorption and elution tests of the hemagglutinins prepared from the TO, Miller, and
Purdue strains

Temperature and time required for adsorption

In each of test tubes 0.5ml of hemagglutinin and 0.5ml of a 5 per cent suspension of
chicken erythrocytes were throughly mixed. The test tubes were divided into two groups.
One group was placed in a refrigerator at 4°C and the other in a water bath at 37°C. The
tubes were removed at various intervals, one from the group at each time. After low-speed
centrifugation to sediment erythrocytes, the supernatant was titrated for unadsorbed hem-
agglutinin. Test tubes containing PBS, instead of chicken erytrhocytes were set up as the
control for spontaneous degradation of hemagglutinin during the incubation.

Adsorption with various concentrations of erythrocytes

Mixtures of 0.5 ml of hemagglutinin and 0.5 ml of chicken erythrocyte suspension of various
concentrations were incubated at 4 °C. At various intervals free hemagglutinin was measured
in the supernatant after low-speed centrifugation in a refrigerated centrifuge.

Elution of adsorbed hemagglutinin

Hemagglutinin was delivered into test tubes in 0.5 ml amounts. The tubes, after receiving
0.5ml each of 5, 10, or 20 per cent chicken erythrocyte suspension were incubated at 4°C
for 60 minutes and the erythrocytes were collected by low-speed centrifugation in a re-
frigerated centrifuge. The packed erythrocytes were resuspended in the initial volume of
PBS and incubated at 37 °C for various lengths of time. At the end of each incubation one
tube was taken out and the eluted hemagglutinin was titrated with the supernatant after
low-speed centrifugation to sediment erythrocytes.

Chemical and enzyme treatments of erythrocytes

One volume of 1 per cent erythrocyte suspension was mixed with one volume of 0.02 per
cent trypsin (type III, twice crystallized, 11,000 units/mg, Sigma, U.S.A.), 0.02 units/ml
neuraminidase (type V, Clostridium perfringens, 1.8 units/mg, Sigma, U.S.A.), 0.5 per cent
formalin (Nakarai, Japan), 0.01 per cent potassium periodate (Wako, Japan), 1.6% 2-
mercaptoethanol (Wako, Japan) or 0.02 per cent sodium deoxycholate (Difco, U.S.A.) and
allowed to stand at 22 °C for 60 minutes except for trypsin and neuraminidase with which
the treatment was carried out at 37°C. The erythrocytes were washed with PBS by cen-
trifugation and used in a 0.5 per cent suspension in HA test. In general a concentration
was used wich was as high as could be conveniently reached without causing lysis, nonspecific
agglutination or other adverse effects.

Chemical and enzyme treatments of hemagglutinin

The chemical substances used were listed in Table 2. Trypsin (see above), trypsin inhibitor
(type LS, Sigma, U.S.A.)}, papain (type I, twice crystallized, 25 units/mg, Sigma, U.S.A.),
pepsin (1:2,500 powder, 450 units/mg, Sigma, U.S.A.), a-amylase (type XI-A, 1,000 units/
mg, Sigma, U.S.A.), phospholipase C (typel, 12 units/mg, Sigma, U.8.A.), potassium per-
iodate (see above), sodium deoxycholate (see above), formalin (see above), 2-mercapto-
ethanol (see above), ethylether (Wako, Japan), chloroform (Wako, Japan), Tween-80
(Wako, Japan), B-propiolacetone (Sigma, U.S.A.), neuraminidase (see above), and tri-
chlorotrifluoroethane (Daifron-S 3) (Daikin, Japan) were used. Each was dissolved to make
a solution of double strength of the final concentration. After adjusting to pH 7.2 with
PBS, each solution was mixed with an equal volume of hemagglutinin, incubated at 37°C
for 5 or 60 minutes and tested for HA activity.
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Physical treatments of hemagglutinin

The hemagglutinin was incubated in a water bath at 4, 22, 37, 60, 70, or 100°C for 5, 10,
20, 30, 60, or 180 minutes and tested for HA activity and infectivity. For ultraviolet
irradiation, hemagglutinin delivered in 0.5 ml volumes into petri dishes, 14 mm in diameter,
was irradiated for 3, 10, 20, or 30 minutes at a distance of 34cm with a 15W ultraviolet
lamp (Toshiba Co., Tokyo).

Ultracentrifugation

In a type 410 rotor (Damon/IEC, B-60, U.S.A.), 200ml of infectious culture fluid, after
clarified by low-speed centrifugation to remove cell debris, was centrifuged at 45,000 % g
for 60 minutes in a Damon/IEC B-60 centrifuge. The sediment was resuspended in 2 ml of
PBS. The HA and infective titers were determined for each fraction.

Buoyant density of hemagglutinin

This was determined by rate zonal centrifugation in a linear 10-60 per cent sucrose density
gradient. Upon an 11 ml gradient prepared in a 13 ml centrifuge tube, 2 ml of hemagglutinin
(128 HA units) was layered and centrifuged in a RPS40T rotor (Hitachi Koki, Co, Japan)
at 100,000 x g for 150 minutes in a Hitachi SCP70H centrifuge. Fractions were collected
in 0.4 m! volumes by tube bottom puncture and tested for density, infectivity titer and HA
titer. The HA titers were obtained by using bovine erythrocyte suspension.

Results
Adsorption and elution of hemagglutinin

When hemagglutinin was mixed with 0.5% or greater concentrations of chicken
erythrocytes it was rapidly adsorbed (>95% within 10 minutes) at 4°C, but
not at all at 37 °C. Moreover, hemagglutinin adsorbed at 4 °C to any of several
concentrations of chicken erythrocytes (5, 10, 20%) was completely eluted within
20 to 30 minutes by subsequent incubation at 37°C.

Effect on HA reaction of chemical and enzyme treatments of erythrocytes

As shown in Table 1, erythrocytes treated with potassium periodate gave a much
reduced HA titer as compared with untreated erythrocytes. Treatment with the
other reagents tested, gave little (neuraminidase) or no change (trypsin, 2-
mercaptoethanol, sodium deoxycholate and formalin) in the agglutinability of
erythrocytes.

Effect of chemical and enzyme treatments on hemagglutinin

The hemagglutinin was readily inactivated by treatment with trypsin, potassium
periodate, chloroform, and B-propiolactone and its activity was considerably
reduced with papain, pepsin, a-amylase, phospholipase C, neuraminidase, for-
malin, 2-mercaptoethanol, ethylether and Tween-80 (Table 2).

In contrast, the hemagglutinin was shown to be resistant to sodium de-
oxycholate and trichlorotrifluoroethane.

Chicken erythrocytes were also agglutinated by trypsin, neuraminidase, po-
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Table 1. Effect on HA reaction of chemical and enzyme treatments of erythrocytes

Treated with® Final concentration HA titer
Trypsin 0.01% 256
Neuraminidase 0.01 unit/ml 64
Formalin 0.25% 256
Potassium periodate 0.005% 4
2-mercaptoethanol 0.8% 256
Sodium deoxycholate 0.01% 256
Control (PBS) 256

*Treated at 22°C for 60 minutes except for trypsin and neuraminidase with which the
treatment was carried out at 37°C

Table 2. Effect of chemical treatments on hemagglutinin

Treated with? Final concentration Length of treatment
5 min 60 min
Trypsin 0.25% <4° <4
Papain 0.25% 32 8
Pepsin 0.25% 16 16
a-amylase 0.25% 8 8
Phospholipase C 0.02% 64 64
Neuraminidase 0.1 unit/m} 128 16
Sodium deoxycholate 0.25% 256 256
Formalin 1% 128 64
0.25% 256 16
2-mercaptoethanol 0.8% 8 2
Potassium periodate 0.25% <2 <2
Ethylether 50% 64 16
Chloroform 50% 4 2
Tween-80 0.25% 16 16
Trichlorotrifluoroethane 50% 256 256
B-propiolactone® 0.2% 4 <2
Control (PBS) 50% 256 256

#Treated at 37 °C except for ether, chloroform and trichlorotrifluoroethane with which the
treatment was carried out at 22 °C. Trypsin activity was stopped by adding an equal volume
of trypsin inhibitor (0.25%) to the mixture of trypsin and hemagglutinin

“HA titer after treatment

°Chilled at —20°C before use

tassium periodate and sodium deoxycholate, and lysed by potassium periodate
and sodium deoxycholate at the higher concentration than that used in this
experiment. The pH of hemagglutinin treated with B-propiolactone declined
rather rapidly with the lapse of time.
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Effect of physical treatments of hemagglutinin

When the stability of HA activity (256 units) was tested at several temperatures
for various intervals of up to 180 minutes, we found that such activity was
unchanged at 4, 22, and 37°C, whereas, at 60°C it was reached to 2 and <2
HA units in 5 and 10 minutes, respectively, and at 70 and 100 °C it was reduced
to <2 HA units in 5 minutes. Storage at —20 or —80°C gave better results
than that at 4°C. At 4°C a 2-fold reduction in titer occurred in 7 days and a
4-fold reduction in 30 and 60 days. Storage at —20°C for 60 days resulted in
only a 2-fold reduction in titer. There was no loss of either HA activity or
infectivity during 3 months storage at — 80 °C.

When the stability of HA activity and infectivity to ultraviolet irradiation
was examined for various intervals of up to 30 minutes, the HA activity was
unchanged in 5 and 10 minutes, whereas, it was reduced to 1/2 and 1/4 of the
original titer in 20 and 30 minutes, respectively. In contrast, the infectivity was
rapidly declined, and no titer left after irradiation for 5 minutes (Table 3).

When an infectious culture fluid with an HA titer of 4 was concentrated by
ultracentrifugation at 45,000 X g for 60 minutes, a preparation having an HA
titer of 1,024 was obtained, whereas no hemagglutinin was detected in the
supernatant fluid. In this experiment, the infectivities for the starting material,
the supernatant fluid and the sediment resuspended in 1/100 the original volume
of PBS, were 10°°, 10*5, and 1057 TCIDs,/ml, respectively (Table 4).

Table 3. Effect of ultraviolet irradiation on hemagglutinin

Irradiation HA titer Infectivity
Before irradiation 256 6.25%

5 minutes 256 <0.5
10 minutes 256 <0.5
20 minutes 128 <0.5
30 minutes 64 <0.5
2Log TCIDg/ml

Table 4. Effect of ultracentrifugation on hemagglutinin

Material HA titer Infectivity
Starting material 4 5.5%
Supernatant® <2 3.5
Sediment® (concentrated 100 times) 1,024 6.75

2 Log TCIDs,/0.05 m]
® After centrifugation at 45,000 x g for 60 minutes
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Rate zonal centrifugation of hemagglutinin in a sucrose density gradient

Figure ! illustrates the HA titer, infectivity titer and density of each fraction
obtained. The HA activity showed a sharp peak at a density of 1.19 g/ml
coinciding with a peak of the infectivity.
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Fig. 1. Sucrose linear density gradient centrifugation of TGE virus hemagglutinin

Discussion

In the present study some physical and chemical properties of TGE virus
hemagglutinin were investigated. As shown in the previous paper [17] the HA
reaction of TGE virus is dependent on the incubation temperature. A Japanese
strain and 2 American strains of TGE virus were readily adsorbed onto chicken
erythrocytes at 4°C but not at 37°C. The hemagglutinin thus adsorbed onto
erythrocytes was readily eluted when the erythrocytes was resuspended in PBS
and incubated at 37°C. Elution of hemagglutinins of HEV and BCV from
erythrocytes has not been observed [7, 16, 19, 24], but on the other hand those
of HCV, MECV and IBV have been demonstrated to elute from erythrocytes
{1, 3, 11, 12, 27}.

The chicken erythrocyte receptor for the hemagglutinin of TGE virus was
inactivated by treatment with neuraminidase and potassium periodate, but was
not inactivated with trypsin, formalin, 2-mercaptoethanol and sodium deoxy-
cholate. The fact that the receptor was destroyed by neuraminidase, together
with the results of elution of hte hemagglutinin from erythrocytes, suggests the
presence of a neuraminidase-like enzyme in the hemagglutinin of both TGE
virus as well as IBV [2], although no neuraminidase activity was detectable. On
the other hand, the elution of the hemagglutinin of HCV and MECYV is not
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neuraminidase mediated as erythrocyte receptors are not lost and neuraminidase
assays have remained negative [11, 19, 27]. Sentsui and his associates reported
that neuraminidase rendered horse, cat, and guinea pig erythrocytes more sus-
ceptible to agglutination by equine infectious anemia virus [22] and mouse
erythrocytes more susceptible to agglutination by bovine leukemia virus [23].
Further orthomyxoviruses are well known to elute from erythrocytes at 37 °C
by neuraminidase activity possessed by the virus particle [6, 10]. The TGE virus
used in this study did not show any cross reaction with the swine influenza
virus A (Wisconsin strain), HEV, BCV, and porcine parvovirus by hemagglu-
tination inhibition and neutralization tests in our laboratory (data not shown).

The hemagglutinin of TGE virus was inactivated by trypsin, papain, pepsin,
a-amylase, phospholipase C, neuraminidase, formalin, 2-mercaptoethanol, po-
tassium periodate, ethylether, chloroform, Tween-80 and B-propiolactone, but
not by sodium deoxycholate or trichlorotrifluoroethane, suggesting that the
active component of the hemagglutinin might involve glycoproteins. The hem-
agglutinating activities of HCV, HEV, and IBV were also destroyed by trypsin,
but not in case of MECV [2, 3, 7, 11, 12, 19, 27]. On the other hand, treatment
with trypsin, ether, and Tween-80 and ether often enhances the activity of HA
of certain paramyxoviruses [9, 25].

The hemagglutinin of TGE virus was stable at 37°C or lower temperatures,
whereas it was labile at 60 °C. The hemaglutinating activity was relatively re-
sistant to ultraviolet irradiation, while the infectivity was very susceptible. Sim-
ilar results were obtained with the hemagglutinins of HEV, BCV, HCV, and
IBV [3, 7, 11, 12, 15, 16, 18, 19, 24].

Two observations suggested that the hemagglutinin is an integral part of
the virion. First, infectivity and HA activity were cosedimented by ultracen-
trifugation. Second, both infectivity and HA activity had a buoyant density of
1.19 g/mlin a linea sucrose gradient. A virion density of 1.19 g/mlis in agreement
with the previous results obtained with Minnesota and Illinois strains of TGE
virus [26]. Several coronaviruses, HCV, HEV, BCV, MECV, and IBV, have
been demonstrated to possess a virion associated hemagglutinin [3, 7, 12, 20,
24, 27]. Mengeling et al. [16] observed by electron microscopy that when HEV
attached to chicken erythrocytes, the main body of the virus was located 10 to
15nm from the erythrocyte membrane suggesting that the hemagglutinin was
associated with the virus surface projections. Likewise HA with IBV has been
confined to the strains which have projections, and treatment of HCV, HEV,
MECYV, and IBV with bromelain removes the hemagglutinating activity together
with the projection [2, 3, 8, 20, 27]. Moreover, subunits removed from HEV
virions by detergent treatment probably represent surface projections and also
exhibit hemagglutinating activity [20]. In HCV, it has been suggested that the
hemagglutinating activity is carried by one or both the glycopeptides of the
projections [8], and the glycopeptide of TGE virus has been demonstrated as
the major structural component of the projection [5].

Further detailed studies will be necessary to compare the hemagglutinin of
TGE virus with that of coronaviruses from other species.
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