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SUMMARY. Newcastle disease virus was adsorbed to BHK21 monolayers at 4°,
the excess virus removed, and the cells incubated at various temperatures
from 0-40°. Loosely associated virus was then eluted from the cells which
were subsequently incubated for assay of infectivity. A critical tempera-
ture for optimal infectivity was observed at approximately 15°, a critical
temperature which has been detected for a number of other surface phenomena
in cultured mammatian cells. Alteration of fatty acid composition in cell-
ular phosphoslipids changed the critical temperature for infectivity indi-
cating that the physical state of host cell membrane 1ipids is a determinant
of some step in the infection of cells by paramyxoviruses.,

The penetration of cells by paramyxoviruses has been shown to be a
temperature-dependent process on the basis of cytological observation,
whereas viral adsorption to the cell surface is reported to occur independ-
ently of incubation temperature (1-2). A number of cell surface phenomena
have critical or characteristic temperatures which respond to the beginning
or end of a membrane 1ipid phase transition, i.e., the temperatures at which
the bulk membrane 1ipid phase of one or both membrane monolayers becomes
totally melted or frozen (3-5). In animal cell membranes, these phenomena
include binding of the Tectin concanavalin A (Con A) (6~7), Con A-mediated
agglutinability (6-7), the transport of metabolites (8) and the lateral
mixing of cell surface antigens (9), In this paper we report observations
which indicate that a virus-cell interaction leading to optimal infectivity
is critically dependent upon the physical state of the membrane lipids.

METHODS, Newcastle disease virus, strain HP-16, was propagated in em-
bryonated chick eggs and purified by published procedures (10), Media and
culture procedures for the growth of BHK21 cells and procedures for the pre-
paration of salt fractionated serum (SFS) are described in the companion

paper (11). Procedures for lipid extraction and analysis and for the prepa-
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ration of the fatty acid supplements Tween-nonadecanoic acid (Tw-19:0) and
Tween-linolenic acid (Tw-18:3) are those used previously (12-13). The
Tweens were employed at a concentration of 8 ug/ml of the fatty acid moiety.
RESULTS. In order to study the effects of temperature and membrane
lipid composition on virus-cell interactions leading to infectivity, it was
first necessary to develop a procedure for removing loosely associated virus

from the cell surface. The experiment described in Figure 1 shows that this
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FIGURE 1. Elution of 125]-Tabeled NDV from cells. Virus remaining
attached to monolayers was estimated by dissolving the monolayer in 2.5 ml
of aqueous 5% Triton X-100 and by assaying an aliquot for radioactivity by
scintillation counting (10). Radioiodinated NDV (approximately 2 x 107
plaque forming units (PFU) in 0.1 ml of MEM + 5% calf serum and 10% tryptose
phosphate broth) was incubated for 30 min at 4° with confluent BHK21 mono-
Tayers in 35 mm diameter dishes (Linbro). Unadsorbed virus was removed by
aspiration. Reversibly adsorbed virus was then eluted with 2.5 m] portions
of cold Trisesaline (11). The duration of each incubation for eJution was
15 min, and each point represents the average of three determinations. For
radioiodination, 1-2 mg (as protein) of purified virus was suspended in 0.5
ml of a solution containing 0.01 M NaCl, 0,07 M sodium phosphate buffer (pH
7.4), 5 ug of lactoperoxidase (Sigma) and 100 nCi of carrier-free 125I-Nal
(Schwartz/Mann), Iodination was initiated at 30° by the addition of 5
umoles of H,0,, and additional 5 umole portions of peroxide were added at 1
min intervals for 5 min, at which time the reaction was terminated by the
addition of excess mercaptoethanol, The specific activity of the virus was
approximately 1500 cpm/107 PFU,

can be achieved by successive stepwise elution with Trisesaline solution. A
steady state level of cell-associated virus was consistently observed after
4 elution steps. Identical results were obtained when infectivity (plaque

forming units, PFU) was the measured parameter.
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Figure 1 describes the infectivity obtained when monolayers to which
virus had been attached at 4° were incubated at various temperatures from
0-40° prior to the elution procedure. The cells used in this experiment
were grown under three different conditions to modify the fatty acid compo-
sition of phospholipids (Table 1). These are: A) growth with a nonadeca-
noic acid (19:0) supplement to increase the saturated fatty acid content, B)
growth in the absence of fatty acid supplement, and C) growth with a poly-
unsaturated fatty acid supplement (18:3) to increase the double bond con-
tent, With cells grown under condition B, the critical temperature for op-
timal infectivity was between 12 and 16°. A number of other cell surface

TABLE 1. Fatty acid composition of phosphatides® from

BHK21/13 cells grown in control medium and in medium
containing Tween-fatty acid supplements.

: 19:0 c 18:3

Fatty acid supp]ementb Control supp]ementb
14:0 0.5 2.1 0.1
15:0 0.8 1.9 0.2
16:0 5.0 17.9 7.8
16:1 1.0 15.7 1.7
17:0 4.4 0.2 0.7
17:1 3.7 0.4 0.5
18:0 6.4 10.8 20.0
18:1 30.3 43.6 39.0
18:2 3.3 1.7 6.2
18:3 -0- -0- 15.7
19:0 37.9 -0- -0-
19:1 6.0 -0- -0-
20:1 0.6 1.2 3.7
20:4 -0~ 2.5 4.2
Others 0.1 2.0 0.2
Unsaturates 45.0 67.1 71.2
Polyunsaturates 3.3 4.2 26.1

aPhosphatidy1choh‘nefp1us phosphatidylethanolamine,
which constitute approximately 80% of the total cellular
membrane phospholipids (12).

bBHK21/13 cells grown in minimal essential medium (MEM)
+ 15% SSF + 8 ug/ml of either Tw-19:0 or Tw-18:3. The
cells grown with the Tw-19:0 supplement were those de-
scribed in Table 4 of the companion paper (11).

CBHK21/13 cells grown in MEM + 5% calf serum + 10% tryp-
tose phosphate broth (11).
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membrane phenomena have a critical temperature at approximately 15° (6-9),
which appears to be the temperature at which the freezing process for sur=~
face membrane 1ipids is completed in mammalian cells cultured in the absence
of a fatty acid supplement (8). With cells grown under condition A to en-
rich for saturated fatty acids, the critical temperature was increased; and
in cells grown under condition C to enrich for polyunsaturated fatty acids,
the critical temperature was decreased. These are the results predicted on
the basis of the modifications in 1ipid composition described in Table 1.
Furthermore, the shifts in critical temperature are similar to those ob-
served for lectin binding and lectin-mediated hemadsorption by cultured
mouse fibroblasts where procedures similar to those reported here were used
to modify fatty acid composition (6). These data indicate that some step in
the infectivity process is sensitive to the physical state of membrane lipids.

The susceptibility of viral infectivity to treatment with neutralizing
antibody was determined under a number of the conditions encountered in the
experiment described in Figure 1. Nearly all the virus which attached to
cells at 4° was neutralized when antibody was added at 4° at the end of the
attachment period (Table 2, condition 2). When antibody was added at the
end of the attachment period, and the monolayers were eluted prior to assay,
a 5~fold increase in infectivity was observed (Table 2, condition 3). No
further increase in infectivity was detected when the cells were incubated
at 37° after antibody addition, but prior to elution, indicating that this
increase in infectivity was affected during the elution procedure. The data
in Table 2, conditions 4-5 indicate that antibody has no effect when added
at the end of the elution period.

DISCUSSION. The experiment described in Figure 2 gives clear indica-
tion that some step in the infection of cells by NDV has a critical tempera-
ture which is determined by the physical state of the membrane 1ipids. The
data described in Table 2 show that little infectivity observed either above

or below this critical temperature can be blocked by neutralizing antibody.
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TABLE 2. Effects of neutralizing antibody* on virus adsorbed to cells at 4°.

Condition Temperature PFU + S.D.
1. Plaque directly at 37° 190 + 15
2. Add antibody at 4° and incubate for 30 min,
then plaque at 37° 4+ 1.6
3. Add antibody at 4° and incubate for 30 min 40 20 + 3.4
at the indicated temperatures, elute, and 370 % n 4'1
plaque at 37° R
4. Incubate at the indicated temperatures for 4° 34+ 5.0
30 min, elute, then plaque at 37° 37° 56 + 4.1
5. Incubate at the indicated temperatures for 40 2% + 2.5
30 min, elute, add antibody and incubate 370 59 1 5'3

for 30 min at 4°, then plaque at 37°

*Neutralizing antibody to Newcastle disease virus was obtained by injecting

5 x 10% PFU of purified virus (10) into rabbits subcutaneously at one week
intervals for a minimum of six weeks. The antiserum was heated for 30 min at
56° to inactivate complement and diluted 100-fold with MEM prior to use.

In all the experiments, virus (190 PFU when plaque directly) was added
to the BHK21 monolayers ("control" conditions, Table 1) at 4° in a volume of
0.1 ml, and the mixture incubated for 30 min at the same temperature. Excess
fluid was aspirated from the plates and the experiments were conducted as de-
scribed above. Addition of antibody was in a 1.0 m1 volume of Tris.saline,
and excess antibody solution was removed by aspiration after the 30 min incu-
bations at 4°. Incubations in the absence of antibody were likewise conducted
as described for Figure 1. A1l experiments were in triplicate, and results
are expressed as the mean * the standard deviation.

Since the critical temperature corresponds to what is probably the point
where the bulk membrane 1ipid phase becomes frozen (8), it is worthwile to
1ist the most Tikely processes in infectivity which might be influenced by
the freezing of membrane lipids. These are: 1) inhibition of lateral dif-
fusion of host or viral membrane components, leading to cell-virus associa-
tion not subject to disruption by elution, 2) inhibition of enguifment (but
not of penetration) of the virions owing to reduced flexibility of the host
cell membrane and 3) inhibition of penetration by infecting virions. Though
our data do not pinpoint the precise event which is restricted by a change
in state of membrane 1ipids, they make some of these possibilities appear
more 1likely than others.

With respect to the first process, a requirement of lateral motion of
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FIGURE 2. Effect of T1ipid composition and temperature on infectivity
by NDV. Host cells in A were grown with a Tw-19:0 supplement, cells in B
were grown without a supplement and cells in C were grown with a Tw-18:3
supplement (see METHODS and Table 1 for details). The dashed verticle line
drawn arbitrarily at approximately 17° is to assist in visualization of the
shifts in critical temperature for infectivity. Viral adsorption (approxi-
mately 750 PFU per monolayer, a multiplicity of approximately 10 3) was at
4° for 30 min as described for Figure 1, After unattached virions were
removed by aspiration, culture medium which had been equilibrated at various
temperatures (0-40°) was added for a 30 min incubation with constant gentle
agitation. Incubation medium was then removed and four viral elution steps
were conducted at 4° as described for Figure 1. Cell monolayers were then
overlayed with 1.0% agar-medium and incubated for three days at 37° under
humidified air containing 6% C0,. Cell monolayers were stained with 0.5%
Neutral Red in Trisesaline for 4 hr at room temperature to allow for visual-
jzation of plaques. Each point represents the average PFU from three deter-
minations, and the range of values is indicated by a bar.

virion proteins for infectivity seems unlikely. The membranous envelope of
NDV, like the surface membrane of cultured mammalian cells, undergoes a
change of state in 1ipids at approximately 15° (8). Were both cellular and
membrane "fluidity" required for optimal infectivity, enrichment of the host
membrane with polyunsaturated fatty acids would probably not have given rise
to the observed decrease in critical temperature. This same argument ap-

plies to process 3, i.e., penetration. An intriguing debate resides with
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the question of whether the infectious virion penetrates by cell-virus mem-
brane fusion or by phagocytosis (2). Our data indicate that a fluid mem-
brane 1ipid phase in the virus is not a prerequisite for infectivity. Thus
if the observed critical temperature does result from an effect on penetra-
tion, it is likely that the virion must either enter the cell by phagocyto-
sis, or by a cell-virus membrane fusion process that requires fluidity in
only the host cell membrane lipids.

Morgan and Howe have shown by electron microscopy that paramyxovirions
appear to bind to cells at low temperature (0-4°), but do not penetrate into
the cell under this condition (1). Our data, when considered together with
those of Morgan and Howe, might indicate that separate processes are respon-
sible for the different efficiencies in infectivity observed with cells incu-
bated on different sides of the critical temperature prior to the elution
procedure (Figure 2). For example, infectivity observed below the critical
temperature might be due to virions which attach with sufficient strength to
cells to resist elution. The increased increment of infectivity observed
above the critical temperature could then arise from additional virions be-
coming firmly attachéd or engulfed, from virions becoming internalized with-

in the cells, or from a combination of these effects.
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