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The rate of attachment of type 2 virions to suspensions of HeLa cells is much
greater than that of type 14, but the number of receptor sites per cell is similar for
each type. The receptor sites may be partly saturated with excess virions; attachment
is greatly reduced after about 10* particles have been taken up per cell. A lack of
saturation of type 14 receptors by excess type 2 indicates that their receptor sites are
separate on the cell surface. Excess of type 2 blocks attachment of type 1A, how-
ever, and excess of type 14 blocks type 51. Attachment of the human rhinoviruses
is temperature-dependent with a Qy of 2.7. The eclipse reaction is also temperature-
dependent. At 34.5 C, the irreversible eclipse of cell-associated rhinovirus type 2
requires only a few minutes, whereas the rate of eclipse of cell-associated type 14 is
considerably slower. The eclipse product of type 2 rhinovirus has been recovered
from infected cells. It sediments at about 909, of the rate of the infective virions and
is missing virus polypeptide 4 (the smallest of the capsid polypeptides). Upon being
subjected to CsCl gradient centrifugation, virus polypeptide 2 is also lost but the

product still contains ribonucleic acid and bands at about 1.45 g/cc.

Knowledge of how picornaviruses attach to
and react with host cells is largely limited to the
enteroviruses. The specific receptors for poliovirus
and coxsackievirus group B have been shown to
have characteristic sensitivities to inactivation by
individual proteolytic enzymes (32) but are not
inactivated by neuraminidase (14, 32). The ab-
sence of receptors may limit the host range of
picornaviruses (18), but other factors such as the
ability of the cells to permit eclipse, uncoating or
penetration (7, 13, 29), or viral replication (4, 30,
31) are equally important.

It has generally been observed that picorna-
viruses attach efficiently to host cells in the cold
(1, 3, 14, 22). However, some moderate degree of
temperature dependence has been reported for
some strains of virus under various conditions
(14, 15, 23). Mandel has shown that early after
attachment cell-associated poliovirus can be re-
covered in infective form by disruption of the
membrane-virion complex with the detergent SDS
(sodium dodecyl sulfate, reference 20). At physi-
ological temperature, the cell-associated particles
also undergo an irreversible loss of infectivity or
“eclipse.” Eclipse (or irreversible eclipse) will be
defined in the present report as the loss of re-
coverable infectivity of the cell-associated virus as
determined after treatment with SDS.

A substantial portion of virions of poliovirus
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type 1 attached to cells in the cold have been ob-
served to “elute” upon subsequent incubation at
physiological temperature (9, 15). The particles
which have eluted are noninfective, and their in-
fectivity cannot be restored by treatment with acid
or detergents (21), despite the fact that the eluted
virions contain infective ribonucleic acid (RNA;
reference 15). Although there is no direct evidence
for it, the eluted virions may be structurally iden-
tical to the cell-associated eclipsed virions. Eluted
poliovirus particles are resistant to ribonuclease
(15, 21), unstable to CsCl gradient centrifugation
(15), and sediment at a slightly slower rate than
infective virions (9). A similar phenomenon oc-
curs in the case of coxsackievirus B3, and the
eluted particles have been shown to lack the
small capsid polypeptide VP4 (6). Loss of infec-
tivity of poliovirions has also been equated with
loss of VP4 (2).

The early interaction of the cardioviruses with
host cells has also been recently described. Plaque
variants of mengovirus have differing rates of
attachment and uncoating (19). Other cardio-
viruses have been examined, and these appear to
be subject to an abortive early step leading, in-
stead of to elution, to fragmentation of the capsid
(11).

The rhinoviruses have been examined only very
briefly. Human rhinovirus type 2 (HRV-2) and
human rhinovirus type 14 (HRV-14) are both re-
ported to attach to WI-26 cells, whereas only
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HRYV-2 attaches to monkey kidney cells; this dif-
ference is in keeping with the host range of the
viruses (10). The uptake of HRV-14 (27) and
HRYV-2 (26) infectivity by cell suspensions has
been reported, and in the latter case it was also
reported that the rate is greater at 33 than at 4 C.

We have examined the interaction of HRV-2
and HRV-14 with HeLa and other cells and report
here on the kinetics of attachment, the number
and nature of the receptor sites, the temperature
coefficient for the attachment reaction, and the
existence of receptor groups within the rhinovirus
family. In addition, we have examined the rate of
the eclipse reaction and the nature and composi-
tion of the eclipse product.

MATERIALS AND METHODS

Virus and cells. HRV-2 and HRV-14 strains and
their growth in roller bottle cultures of HeLa cells
(rhino-HeLa cells) will be described elsewhere.
Human rhinovirus type 51 (HRV-51), strain FO1-
4081, was obtained from W. L. Davies of Stine
Laboratory (Newark, Del.), and human rhinovirus
type 1A (HRV-1A), strain 2060, was obtained from
R. Grunert of the same laboratory. HRV-2 and
HRV-14 were plaque-purified, and the identity of
all types was confirmed with standard antisera.
Poliovirus type 2 of the attenuated strain 712-Ch-2ab
was obtained from R. Bablanian of the State Uni-
versity of New York and was propagated in our line
of HeLa cells. The labeled pools of virions employed
in all experiments had been purified, as will be de-
scribed elsewhere, by sucrose gradient centrifugation
and CsCl gradient banding and were stored at 4 C in
the presence of 59, heat-inactivated fetal calf serum.
These pools contained a known number of particles
per milliliter as determined by the ratio of extinction
at 260 nm (Ex) to counts per minute after CsCl
gradient centrifugation. In the case of HRV-1A
only, the CsCl gradient centrifugation step preceded
sucrose gradient centrifugation and the latter em-
ployed solutions of sucrose containing 1 M NaCl
and 0.02 m tris(hydroxymethyl)aminomethane (Tris)-
hydrochloride buffer (pH 8.1); the Es was then de-
termined on the sucrose-purified virions.

HeLa cells (rhino-HeLa cells) were also used to
study attachment and eclipse. These were grown in
Spinner culture in Eagle’s minimal essential medium
(8) modified for Spinner cells (Grand Island Bio-
logical Co., Grand Island, N.Y.) and containing 79,
horse serum at 3 X 105 to 6 X 105 cells per ml. The
cells were chilled and washed twice by centrifugation
at 300 X g for 10 min with cold Spinner medium
containing 59, heat-inactivated fetal bovine serum.

Attachment of virus. Unless otherwise stated, the
standard conditions for virus attachment were as
follows. HeLa Spinner cells (107 per ml) were mixed
with purified virions at 0 C in Spinner medium con-
taining 59, heat-inactivated fetal bovine serum. The
suspension was divided into portions of 0.4 to 0.5 ml,
and these were distributed into plastic tubes (12 by
75 mm) which were then tightly stoppered. At zero
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time, the tubes were placed in a water bath with a
rotary shaker and agitated with 240 strokes/min at
34.5 C (or another temperature if so indicated).
The reaction was stopped by removal of the tube to
ice temperature and addition of 2.0 ml of ice-cold
Spinner medium or phosphate-buffered saline. The
cells were pelleted at 300 X g for 10 min, washed one
or more additional times, resuspended in a measured
volume of 0.05 m Tris (pH 8.1), and sampled for in-
fectivity and radioactivity determinations.

Control experiments with both HRV-2and HRV-14
have shown that it does not matter if cells are washed
with either phosphate-buffered saline (minus magne-
sium and calcium) or complete Spinner medium.
The simple inorganic medium was thus preferred in
cases in which large volumes of cell supernatant
fluid were to be counted to reduce quenching of
radioactivity in the scintillation spectrometer.

Determination of infectivity. Infectivity was deter-
mined by a plaque assay which will be reported
elsewhere. Cell-associated (noneclipsed) infectivity
was determined by diluting the cell suspension in
SDS, buffered at pH 8.1, to a final concentration of
0.49; SDS. This mixture was left for 10 min at room
temperature, diluted 10-fold with Spinner medium
containing 5¢; heat-inactivated fetal bovine serum,
and then frozen at —20 C until the day of the assay.

Digestion of samples with ribonuclease. To deter-
mine the fraction of RNA-labeled virions which
had been uncoated, samples were digested for 30
min at 34.5 C with 25 ug of ribonuclease A (Sigma
Chemical Co., type 1-A) per ml in 0.02 M Tris buffer
(pH 17.5). If the samples had been purified by gradi-
ent centrifugation, additional protein as 59, heat-
inactivated fetal bovine serum was added to protect
the integrity of intact particles. Digestion under
these conditions rendered more than 907; of the
RNA from boiled virus soluble in trichloroacetic
acid.

Assay of radioactivity. Samples to be assayed for
acid-precipitable counts were precipitated with a
final concentration of trichloroacetic acid of 8 to
109 (w/v) in the presence of 2 mg of bovine serum
albumin (fraction V). The samples were pelleted at
low speed after 16 hr in the cold, and the trichloro-
acetic acid supernatant fluid was aspirated. The
pellets were then dissolved in 1.0 ml of 0.15 M NaOH
(non-acid-precipitated samples were dissolved in 1
ml of 0.1 M NaOH) and were counted with 10 ml of
added Hayes solution number 3 (12). This solution
also contained about 60¢; (v/v) Cabosil to serve
as a thixotropic gel in the presence of the alkali.
2P-containing samples were sometimes counted,
without scintillator, by Cerenkov radiation (5);
colored samples were first bleached with Clorox.

Recovery of eclipse products from infected cells.
Infected cells were washed twice and then resus-
pended in 0.05 M Tris(pH 8.1) at 2 X 107 cells per
ml. These cells were treated for 15 sec with the Bioso-
nik III ultrasonic generator fitted with a 4-mm
probe (Bronwill Scientific, Rochester, N.Y.). In
most experiments, deoxyribonuclease was then added
to 200 pg/ml, and the mixture was left for 10 min on
ice. The detergent Nonidet P-40 (NP-40; Shell
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Chemicals Ltd., London, UK.) was then added to
0.5%, and the mixture was layered onto gradients
for ultracentrifugation.

Linear CsCl gradients having a volume of 5 ml
were made from 1.48 and 1.32 g/cc CsCl solutions in
0.02 M Tris buffer (pH 7.5). Up to 0.5 ml of cell
homogenate and a layer of mineral oil were layered
onto these gradients. The gradients were then centri-
fuged for 15hrat 2.2 X 105 X gat4 Cina Spinco L-2
ultracentrifuge (Beckman Instruments Inc., Palo
Alto, Calif.), and fractions were taken from the
bottom of the gradients and were always precipi-
tated with trichloroacetic acid before counting. The
density of selected fractions was determined with a
pycnometer. Sucrose gradients, 4 or 28 ml, were made
with 10 and 259, sucrose in 1 M NaCl containing
0.02 M Tris-hydrochloride (pH 8.1) (16). Extracts of
infected cells were layered on top of the gradients
and then were subjected to 1.7 X 105 X g for 1 hr
(small gradients) or to 9 X 104 X g for 5 hr (large
gradients) at 4 C. Fractions were taken from the bot-
tom. After the liquid contents were removed, the
empty tubes were rinsed with 0.1 M NaOH. The radio-
activity which was thus recovered both from pellet and
from the walls of the tube is designated as P in several
of the figures.

RESULTS

Attachment of HRV-2 to HeLa cells. Figure 1a
shows the disappearance of infectivity and radio-
activity from the cell supernatant fluid when puri-
fied 2P-labeled HRV-2 virions were incubated at
34.5 C with 107 HeLa spinner cells per ml. In this
experiment, the trichloroacetic acid-soluble radio-
activity was determined by Cerenkov radiation,
and the sum of the corrected Cerenkov counts
plus the acid-precipitable counts was represented
as total counts per minute. The total counts and
acid-precipitable counts were parallel during the
first 40 min, and only after this time was there an
accumulation of acid-soluble *P.

The initial uptakes of infectivity and radioactiv-
ity were parallel, but loss of infectivity was more
complete so that virtually all extracellular infec-
tivity was gone by about 30 min, whereas roughly
109, of the radioactivity remained. This residual
fraction probably represents altered, possibly
eluted virions which were generated during the
interaction with cells. This is likely because it was
shown in other experiments that after a short
(5-min) period of attachment of labeled virions,
cell-associated acid-insoluble radioactivity was
eluted to a variable extent (up to about 209,)
when the cells were washed in the cold and then
reincubated at 34.5 C for 20 min. Although it is
also not shown in Fig. 1a, the ribonuclease-resist-
ant fraction of the acid-precipitable counts in the
supernatant fluid coincided with the total acid-
precipitable counts, and this indicates that the
noninfective extracellular virions were not un-
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coated (i.e., their RNA is not susceptible to ribo-
nuclease). It was found in other experiments that
the incubation of virus in medium without cells
for 1 hr at 34.5 C did not produce significant loss
of infectivity.

Figure 1b shows the cell-associated infectivity
and radioactivity from the same experiment as
Fig. 1a. The cell-associated infectivity was rapidly
lost; it was observed in a number of experiments
that about half of the cell-associated HRV-2 had
been eclipsed by 5 min after the start of incuba-
tion. The total radioactivity and the trichloro-
acetic acid-precipitable radioactivity diverged af-
ter about 20 min, indicating that there was ex-
tensive digestion of cell-associated virions. The
ribonuclease-resistant counts were similar to the
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Fic. 1. Uptake of %*P-labeled HRV-2 by HeLa-O
Spinner cells at 34.5 C, 10* virions per cell. (a) Super-
natant total radioactivity, acid-precipitable radioac-
tivity, and infectivity. (The infectivity in the super-
natant fraction was determined after treatment with
SDS.) (b) The cell-associated total radioactivity,
acid-precipitable radioactivity before and after treat-
ment with ribonuclease and the infectivity recovered
after treatment with SDS. Per cent *P or plaque-
forming units added at zero time.
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total acid-precipitable counts which indicates that
there was no major accumulation of uncoated
RNA inside the cells; i.e., digestion rapidly fol-
lowed any uncoating in or on the cell. The rela-
tively slow loss of acid-precipitable counts either
before or after ribonuclease digestion indicates
that the eclipse reaction (loss of infectivity) was
much more rapid than uncoating.

Attachment of HRV-14 to HeLa cells. Figure 2
shows a typical attachment of labeled HRV-14.
The process of interaction of #P-HRV-14 and
HeLa cells in Spinner culture was qualitatively
similar to that with HRV-2, except that both up-
take and eclipse were slower. The initial rate of
uptake of HRV-14 was usually 20 to 40 times
slower than that of HRV-2 under comparable
conditions. It appears that there was a greater
proportion of noninfective particles produced in
the supernatant fraction relative to the eclipsed
virions produced in the cell fraction than was the
case with HRV-2 (Fig. 2). {Again, as with HRV-2,
elution of cell-associated virions was also demon-
strated by washing and reincubating cells to which
radioactive virus had been attached (data not
shown).] Although it is not shown as clearly as
with HRV-2, the eclipse of cell-associated virions
of HRV-14 appeared to precede the uncoating
step.

Effect of temperature on the attachment of
HRYV-2. Figure 3 shows that the attachment of
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F1G. 2. Uptake of ®P-labeled HRV-14 by HeLa-O
cells at 34.5 C, 3.6 X 10* particles per cell. See
Fig. 1. Note the break in the scale for per cent uptake.
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Fic. 3. Attachment and eclipse of 3H-uridine-
labeled HRV-2 by HeLa-O cells at various tempera-
tures, 10* virions per cell. Trichloroacetic acid-pre-
cipitated radioactivity associated with the cells is
given as per cent of the added acid-insoluble counts
(solid curves, scale at left), and cell-associated infec-
tivity after SDS treatment is given as per cent added
plaque-forming units (dashed curves, scale at right).

labeled HRV-2 was strongly dependent upon
temperature. The attachment of poliovirus type 2
of the attenuated strain 712-Ch-2ab was also
found to be dependent upon the temperature.
The data for both viruses are represented as the
logarithm of the initial attachment rate versus the
temperature (Fig. 4). The attachment of HRV-14
was also temperature-dependent to a similar de-
gree, but in this case the uptake data at low tem-
peratures were not precise enough to permit cal-
culation of the Qy .

In the experiment shown in Fig. 3, the cell-
associated infective virus was also measured, and
it is represented as per cent of the total added in-
fectivity. For example, at 17 C about two-thirds
of the cell-associated virus had undergone eclipse
in the sample taken 30 min after the start of in-
cubation. It can be deduced from this and other
data that the rate of eclipse was reduced when the
temperature was decreased but that the eclipse
reaction was not reduced sufficiently to have per-
mitted attachment in the absence of eclipse. The
results of this and other experiments suggest that
decreased temperature reduces the rates of attach-
ment and eclipse of HRV-2 to approximately the
same extent.

Saturation of receptors on the cell surface. The
uptake of virus is a function of the particle multi-
plicity (particles per cell). When more virions are
added to the system, a decreasing fraction of
particles are able to attach and this variation in-
dicates that there is a limited number of specific
receptor sites on each cell. Figure 5 shows the
adsorption isotherm for HRV-2 and HRV-14 on
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FiG. 4. Relationship between the rate of attachment
and temperature for HRV-2 and poliovirus 2 (strain
P712-Ch-2ab). The initial rates were estimated from
Fig. 3 and also from the data of other experiments.

the same scale. The number of particles attached
per cell was plotted against the number of
particles per cell added to the suspension. With
both types of virus, there was a break in the
curve at about 104 particles per cell. (The break
in the curve for HRV-2 is not displayed very con-
vincingly because of the scale employed in Fig. 5;
see, however, Fig. 6.) The change in slope of the
curves at about 10¢ particles adsorbed per cell
indicates that the capacity of the cells to adsorb
virus can be partially saturated. Although higher
input multiplicities, in particles per cell, are
needed to achieve this with HRV-14 than with
HRYV-2, the number of adsorbed particles per cell
at which this saturation occurs appears to be
similar in both cases.

The adsorption periods employed in Fig. 5
were different for the two viruses because the
attachment rates differ; they represent compro-
mises dictated by the systems. In the case of type
2 virus, maximal uptake, expressed as per cent
cell-associated and trichloroacetic acid-precipita-
ble counts, occurred at about 15 min (for multi-
plicities of about 104 particles per cell). If other
times were chosen, as in Fig. 6, the results still
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FiG. 5. Adsorption isotherms for HRV-2 and HRV -
14 on HeLa-O cells at 107 cells per ml and at 34.5 C.
2P_labeled HRV-2 was attached for 15 min or 3H-
uridine-labeled HRV-14 was attached for 80 min. To
calculate the attached multiplicities, the per cent cell-
associated trichloroacetic acid-precipitable counts per
minute at the end of the incubation was multiplied
by the added ratio of particles per cell.

o

appeared to give a break at about 104 (Note that
the scale changes from Fig. 5 to Fig. 6.) In the
case of HRV-14, however, it was found that
shorter periods did not give very satisfactory
data over a practical range of input multiplicities
because of the slow rates of attachment.
Cross-saturation and rhinovirus receptor fami-
lies. If the same receptor site on the cell is used
for either of two types of virion, excess of one
should block the attachment of the other and
vice versa. We shall refer to such a phenomenon
as cross-saturation. A number of attempts of
various kinds were made to discover cross-satura-
tion between HRV-2 and HRV-14, and all at-
tempts failed. Figure 7 shows that the attachment
of 2P-HRV-14 was not blocked by excess *H-uri-
dine-labeled HRV-2. The top panel gives the per
cent uptake of uridine-labeled HRV-2 virus at
low and high particle multiplicities; this confirmed
that HRV-2 saturated its own receptors under the
conditions of the experiment. In the lower panel,
cells were incubated with a relatively low multi-
plicity of 3P-labeled HRV-14, and the attach-
ment was not affected by the presence or absence
of the high multiplicity of HRV-2 employed in
the top panel. Other similarly unsuccessful ex-
periments, which are not shown here, involved
the use of excess ultraviolet light-inactivated
HRYV-2 in attempts to block the attachment of
infective particles of HRV-14. Also, the preincu-
bation of cells with large excesses of HRV-14 had
no effect on their ability to attach HRV-2.
HRV-2 did saturate the receptors for HRV-1A,
however, and HRV-14 did saturate receptors for
HRYV-51. In the experiment of Fig. 8, an excess of
HRV-2 was found to reduce the attachment of
14C Jabeled HRV-1A when added together with
HRV-1A before the start of the incubation. In
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Fic. 7. Lack of effect of excess HRV-2 particles
on the uptake of HRV-14. (Top) Kinetics of uptake
of 3H-uridine-labeled HRV-2 at 0.33 X 10* and
9.0 X 10% particles per cell. (Bottom) Kinetics of
uptake of 3P-labeled HRV-14 at 0.34 X 10* par-
ticles per cell without (@) or with (O) the additional
presence of 9 X 10* particles per cell of HRV-2.

the experiment shown in Fig. 9, samples of cells
were first incubated for 30 min with or without
an excess of HRV-14. After this first incubation,
#P.HRV-51 was added, and those samples which
contained cells partially saturated with HRV-14
were able to attach only about one-third as much
2P as those untreated with HRV-14, In another
experiment, not shown, excess 3H-HRV-2 had no
effect at all on the attachment of HRV-51.

CsCl gradient analysis of HRV-2 eclipse prod-
uct. Attempts to isolate the product of eclipse of
HRV-2 by CsCl buoyant density centrifugation
showed that both the cell-associated infective
virions and also the eclipsed virions were largely
bound to cellular membrane material (Fig. 10).
If cells were infected with 3H-uridine-labeled
HRYV-2 and then were broken by sonic treatment
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FiG. 8. Saturation of HRV-1A receptors by excess
HRV-2. Solid curve: “C-amino acid-labeled HRV-14
attachment at 10* particles per cell as per cent added
radioactivity in the cell fraction. Dashed curve:
Attachment of “C-amino acid-labeled HRV-14 at
10% particles per cell admixed with 105 HRV-2 par-
ticles per cell.

and layered directly onto CsCl preformed gradi-
ents, relatively little radioactivity was recovered
in the gradient. When the cell extract was first
treated with 0.59, NP-40, a detergent used in
other studies to release the membrane-bound
products of human adenovirus-cell interaction
(16), the eclipse product appeared to band at
about 1.45 g/cc in CsCl. The noneclipsed cell-
associated virions (1.40 g/cc) could also be re-
covered. Similar results were obtained in another
experiment with “C-amino acid-labeled HRV-2,
except that a portion of the radioactivity was also
recovered at about 1.29 g/cc as would be ex-
pected for free virion protein.

After 5 min of attachment, 639, of the cell-
associated virus underwent eclipse in the experi-
ment of Fig. 10 (data not shown). At the same
time, 609, of the cell-associated radioactivity
found in the gradient became associated with the
dense component at about 1.45 g/cc (middle
gradient). After 20 min of additional incubation,
989, of the cell-associated virus was eclipsed but
some radioactivity still trailed into the 1.40 g/cc
region of the gradient (bottom gradient, Fig. 10).

The approximate correlation between the ex-
tent of eclipse and the distribution of radioactivity
by isopycnic banding was confirmed in the experi-
ment of Fig. 11, in which %P-labeled HRV-2 was
permitted to interact with HeLa cells before CsCl
gradient centrifugation. In this and subsequent
experiments, the sonic extracts of the cells were
treated with deoxyribonuclease as well as NP-40
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FiG. 9. Saturation of HRV-51 receptors by excess
HRV-14. Cells were incubated for 30 min at 34.5 C
with either 0 or 1.6 X 105 particles per cell of HRV-
14. After this preincubation, 10* particles per cell of
2P_HRV-51 were added. Solid curve: Uptake of *P-
HRV-51 by cells incubated in the absence of HRV-14.
Dashed curve: Uptake of ¥*P-HRV-51 by cells treated
with HRV-14.

to improve the resolution and increase the capac-
ity of the gradients (see above). The attachment
of HRV-2 was also permitted to continue for 30
min without washing the cells so that the results
could be compared directly with Fig. 1. Again,
within the limits of the accuracy of the method,
the formation of the dense component appeared
to coincide with the eclipse of cell-associated
virus. However, after 30 min of incubation, all
but a small fraction of the cell-associated infec-
tivity was eclipsed, but a relatively larger fraction
of the cell-associated radioactivity remained in
the region of intact virions (1.40 g/cc). The shape
of the curve indicates that this may have been
largely the result of heterogeneity in the density
of the eclipse product in the CsCl gradient rather
than the result of the presence of unaltered
virions.

Figure 12 shows the cell supernatant fractions
from the experiment shown in Fig. 11. The dense
component was produced during the period of
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FiG. 10. Separation of an eclipse product of *H-
uridine-labeled HRV-2 by CsCl gradient centrifuga-
tion. Deoxyribonuclease was not employed. Extract
of noninfected cells was mixed with marker virus in
the top panel. Cells exposed for 5 min at 34.5 C to
HRYV-2 and washed and sonically treated are shown
in the next two panels. Half of the cells were also
washed and reincubated in fresh medium for 20 min be-
fore analysis in the last two panels. As indicated, NP-
40 was added to the sonically treated material to
0.5C; before gradient centrifugation. Only the first
100 drops of each gradient are shown. The densi-
ties of several fractions of each gradient were deter-
mined by pycnometry, and the results are represented
so as to align the position of intact infectious virus
(1.40 g/cc) under the dotted line. The same number
of cell equivalents (5 X 10%) was employed in each
gradient, and the scale for radioactivity is the same
in each. The total recovery of radioactivity (including
tube washings which are not shown) for the non-
detergent-treated samples was within 87¢¢ of that of
the detergent-treated samples.
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FiG. 11. Cell-associated radioactivity and infectivity during the attachment of ®P-labeled HRV-2 and the CsC
gradient separation of the eclipse product. The uptake of trichloroacetic acid-precipitable radioactivity and the
cell-associated infectivity are given as per cent of that added at zero time in the panel 1o the left. The CsCl gradient
analysis of the cell-associated P at 5 min and 30 min after the start of infection is shown in the panels to the right
(solid curves). *H-uridine-labeled HRV-2 has been added to each gradient as a marker (dashed curves). NP-40
and deoxyribonucleic acid were employed in each sonically treated preparation. P designates radioactivit 'y recovered

from the drained tubes.

T

100

32p, cPM/3 DROPS
n N
g 8§ 8

% 50~

i 43000
N o
H2000%

>3
410005
x

8
=

D
 PFUNT I

15
MINUTES

[
O
32p cPM/ 3DROPS
n
g 8

130008
&

<2000
>

OMIN -1000%

DAL L =

25 50 oo P
DROPS

FiG. 12. Cell supernatant radioactivity and infectivity during attachment of ®2P-labeled HRV -2 and CsCl gradient
separation of the noninfective extracellular material. This is the extracellular material from the same experiment as
shown in Fig. 11. Neither N P-40 nor deoxyribonuclease was used before gradient centrifugation, and SDS was not
used in the determination of infectivity. Marker *H-labeled HRV -2 is shown by the dashed curves in the gradients.

time in which virtually all supernatant infectivity
was lost. A large portion of the nonattached tri-
chloroacetic acid-precipitable radioactivity was
composed of dense component. Although it is
not shown in the figure, control gradients on the
starting virus preparation showed that most of
this material could not have been present as minor
contamination of the starting virus. It should also
be noted that the supernatant fractions were not
treated with NP-40, which suggests that the extra-
cellular noninfective particles formed during inter-
action of HRV-2 with the cells are not bound to
membrane fragments. Other experiments have

shown that incubation of virions in the absence
of cells does not produce detectable amounts of
dense component.

Sucrose gradient separation of HRV-2 eclipse
products. Sucrose gradients can also resolve an
eclipse product of HRV-2. Figure 13 shows the
separation of material from HeLa cells incubated
for 5 min with 3P-virions. The infected cells were
subjected to sonic disintegration and treated with
deoxyribonuclease and NP-40, and the sucrose
gradients used for the separation contained 1 M
NaCl (see above). The slow component, peak c,
had a sedimentation rate of 135S in this and other
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Fi1G. 13. Separation of the eclipse product of HRV-2
on a sucrose gradient and its subsequent banding in
CsCl. HeLa cells were exposed to 1.8 X 10* particles
per cell of P-labeled HRV-2 for 5 min. The cell
fraction was sonically treated and treated with deoxy-
ribonuclease and NP-40, and 1.3 X 107 cell equiva-
lents were separated on a 28-ml sucrose gradient con-
taining 1 » NaCl. The fractions were counted by
Cerenkov radiation, and pools b and ¢ were analyzed on
CsCl gradients (Fig. 13b and c). The recoveries of
radioactivity in b and c, including tube washings,
were 90 and 809, of the applied counts.

experiments (as based on assigning 150S to the
intact virions). The peaks designated as b and c
were rebanded on CsCl gradients as shown in the
second and third panels. Component b corre-
sponded to infective virus (1.40 g/cc), and com-
ponent c corresponded to the dense component
(approximately 1.45 g/cc). However, under the
conditions for isolation and rebanding in CsCl, a
sizable portion of the radioactivity of ¢ appeared
to be lost and was found in the washings of the
CsCl gradient (P). The recovery of radioactivity
in parallel gradients was variable (not shown).

In a separate experiment, it was found that the
RNA of the 135S material, like that of the intact
virions, was largely resistant to 25 ug of ribonu-
clease per ml for 15 min at 37 C in the presence
of 59, fetal bovine serum (not shown). Other ex-
periments which are not reproduced here showed
that much of the eluted virion material also sedi-
mented at about 135S. When amino acid-labeled
HRV-2 was employed, the eclipse product also
sedimented largely at 135S, but a small amount
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of an 80S material which presumably represents
empty capsids was also produced (see, for ex-
ample, Fig. 14).

The cell-associated eclipse product, as obtained
by sucrose gradient centrifugation, was also sub-
jected to polypeptide analysis. Figure 14a shows
the separation of particles from cells exposed to
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Fi1G. 14. Polypeptides of the HRV -2 eclipse product.
(a) Sucrose gradient separation of the eclipse product
of HRV-2. This experiment is similar to that of Fig.
13, except that cells were exposed for 15 min to 2.8 X
104 particles per cell of “*C-amino acid-labeled HRV -
2. The gradient volume in milliliters is given on the
abscissa. (b) Eclipse product as indicated by the bar in
Fig. 14a and equivalent portions from two other gra-
dients run in parallel were pooled and concentrated and
then analyzed by polyacrylamide gel electrophoresis
as will be described elsewhere. The position expected
for VP4 is indicated. (c) Uneclipsed “C-labeled virus
from the same pool employed in Fig. 14a was mixed
with sucrose, concentrated, and analyzed in the same
way as described above.
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14C-amino acid-labeled HRV-2 for 15 min. Figure
14b shows the polypeptides of the slow compo-
nent which was obtained from fractions pooled
as indicated in Fig. 14a. The pooled material was
dialyzed against 0.19, SDS in 0.01 M phosphate
buffer (pH 7.0) and was concentrated by dialysis
against solid polyethylene glycol. A control sam-
ple of intact virions was also dialyzed and con-
centrated in the same manner.

The polypeptides were separated by polyacryl-
amide gel electrophoresis in the presence of 0.1,
SDS. As will be shown elsewhere, four major
polypeptides can be detected in the virion of
HRYV-2, providing that the smallest of these
(VP4) is not lost during the preparation of the
sample for electrophoresis by the dialysis of par-
tially disrupted virions in the absence of SDS.
Two of the polypeptides, VP2 and VP3, can only
be clearly resolved if the sample is permitted to
run so long that VP4 is lost from the end of the
gel. The analysis of the eclipse product of HRV-2
(Fig. 14b) shows that VP4 is absent from its ex-
pected position (Fig. 14c).

Eclipse product of HRV-14. The attachment
and eclipse of HRV-14 were slower than with
HRV-2 (Fig. 2). Figure 15 shows that, after 60
min of attachment to HeLa cells and 60 min of
additional incubation, #P-labeled HRV-14 virions
were recovered sedimenting at about 135S rela-
tive to marker *H-uridine-labeled HRV-14. (In
another experiment, which is not shown, eluted
HRV-14 particles were also found to sediment at
135S.) In addition to the 135S material in Fig. 15,
a portion of the radioactivity was found at the
top of the gradient and probably corresponds to
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Fic. 15. Modification of HRV-14 virions by incu-
bation with HeLa cells. Cells were incubated for 60
min with 105 particles per cell of ®P-HRV-14, and
13.5%, of the added trichloroacetic acid-precipitable
counts became cell-associated. The cells were washed
and incubated again for 60 min in fresh medium after
which 5.7%, of the initial acid-precipitable counts re-
mained cell-associated. (The supernatant fluid con-
tained 2.3%, eluted acid-precipitable counts.) The
cells were sonically treated, treated with deoxyribo-
nuclease and Nonidet P40, and subjected to gradient
centrifugation on a 4-ml sucrose gradient. Total counts
per minute per three drops are plotted against drop
number. 3H-uridine-labeled HRV-14 was added, as a
marker, before separation.
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degraded RNA; another portion sedimented at
40S.

Unlike the case of HRV-2, there were no new
components seen by CsCl gradient analysis of
cells infected with RNA-labeled HRV-14, except
that much of the total radioactivity could be re-
covered in the tube washings and probably cor-
responded to naked RNA. It seems probable then
that the HRV-14 slow component is unstable in
CsCl and dissociates to free RNA and protein.
As of the present time, we have not analyzed the
polypeptides of the HRV-14 slow component and
we can only conjecture that it, like HRV-2 slow
component, is missing only VP4.

DISCUSSION

The attachment of HRV-2 and HRV-14 as well
as of attenuated poliovirus type 2 shows a sur-
prising temperature dependence with a greatly
reduced attachment rate at 0 to 4 C. The Qy for
attachment of HRV-2 and attenuated poliovirus
type 2 has been calculated to be 2.7 (Fig. 4).
Whether this reflects a high activation energy for
the step or one of the steps leading to a firm link-
age between virion and receptor or alternatively
a temperature-dependent requirement for a con-
figurational or energetic state of the plasma mem-
brane before the attachment can occur is not clear
at the present time. A similar temperature de-
pendence for attachment has been found for cox-
sackieviruses Bl and B3 (R. L. Crowell, personal
communication). Not all rhinoviruses appear to
share the temperature requirement for attach-
ment, and, in other experiments which are not
reported in this paper, it was found that equine
rhinovirus (Plummer) readily attaches to HeLa
cells in the cold.

The rate of attachment of the human rhino-
viruses to HeLa cells depends upon the serotype;
HRV-2 attaches 20 to 40 times as rapidly as
HRYV-14, whereas HRV-51 and HRV-1A have
intermediate rates. The serotypes which have
been examined thus far fall into two receptor
families by cross-saturation experiments. HRV-2
and HRV-1A share receptors as do HRV-14 and
HRV-51. Experiments with excess HRV-2 and
excess HRV-14 show that virions of one family
cannot block independent attachment of virions
of another family (Fig. 7). Thus, the receptors
are spatially separated from each other on the
plasma membrane. Cross-saturation does occur
within a family (Fig. 8 and 9). It has been sug-
gested to us that this grouping of rhinovirus sero-
types within receptor families may be related to
host range, since HRV-1A and HRV-2 are both
able to replicate in monkey cells as well as in
human cells, whereas HRV-14 and strain FO01-
4081 of HRV-51 both require human cells (E. J.
Stott, personal communication; see also reference
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10). Further data on other rhinovirus serotypes
will be required to demonstrate if there is such a
correlation between the M and H character
[ability to grow in both monkey and human cells
or only in human cells (28)] and membership in a
receptor family.

Some of the biochemical characteristics of the
receptors are known from experiments on the in-
hibition of attachment after various treatments of
the cells, and these will be reported elsewhere.
However, it should be stated here that the human
rhinovirus receptors, like some other picornavi-
ruses (14, 31), are insensitive to neuraminidase
but are sensitive to proteolytic enzymes and that
the attachment of HRV-2 but not HRV-14 can
be inhibited by 5 mm ethylenediaminetetraacetic
acid added to the incubation medium.

Although there is a competition for the avail-
able rhinovirus receptors on the cell membrane,
the adsorption isotherm is not ideal since there
does not appear to be a maximum number of
particles which can become cell-associated. In-
stead, a break in the adsorption isotherm is ob-
served (Fig. 5 and 6), but, above this point, as
more virus is added, additional attachment occurs
at a lower efficiency. The break occurs at roughly
10+ particles per cell for both HRV-2 and HRV-14
[approximately the same number of adenovirus
receptor sites have also been seen on HeLa cells
(24)]. The attachment of 104 virions covers about
1<, of the HeLa cell surface if the virions are
assumed to have a diameter of about 30 nm and
if the HeLa cell is spherical with a diameter of
15 um. Thus, the shape of the adsorption iso-
therm is not the result of saturation of the entire
cell surface. The lack of ideality may be the result
of one or more factors. (i) The receptors may be
recycled since subsequent steps of interaction are
also proceeding during the period required for
the attachment reaction. (ii) There may be sub-
populations of receptors or cells which show a
decreased affinity towards virions. (iii) The virions
might contain one or more minor subpcpulations
with regard to receptor affinity. These subpopula-
tions could even be generated during the process
of virus-cell interaction. (iv) Some other, non-
specific mechanism for uptake such as pinocytosis
might also occur in addition to the specific re-
ceptor mechanism.

Figure 16 gives a schematic representation of
the components which have been separated by
gradient centrifugation of the eclipsed virions of
HRV-2. On the bottom is placed the dense com-
ponent shown in Fig. 10 to 13 as banding at ap-
proximately 1.45 g/cc. This is probably identical
with a dense component which can be isolated
from crude HRV-2 preparations during virion
purification, and both of these dense components
have been shown to contain mainly VP1 and
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VP3 after isolation from CsCl gradients (unpub-
lished data).

The dense component itself is not the eclipse
product but is probably formed when the eclipse
product is centrifuged into a CsCl preformed
gradient. This is another way of saying that the
eclipse product is unstable in CsCl, and, in the
case of HRV-2, it is converted to the dense com-
ponent by loss of VP2. This conversion occurs in
variable yield; most of the RNA of eclipsed vi-
rions can be recovered as the dense component
when cell extract is placed directly on CsCl (Fig.
11 and 12), but less is recovered if the slow com-
ponent (135S) is isolated by sucrose gradient
centrifugation and then rerun on CsCl (Fig. 13).

The slow component, which sediments at 135S
and contains VP1, 2, and 3 (Fig. 14), is probably
closely related to the eclipse product as it is
formed in or on the cell. This component is asso-
ciated with the cell membrane fraction, but there
is no evidence at present which can permit us to
decide whether the eclipsed virus is located on,
imbedded in, or inside the plasma membrane.
Despite the fact that it is missing a portion of its
capsid protein, the slow component appears to
be ribonuclease-resistant and thus it probably
does not resemble the particles which have been
reported to be produced in vitro from human
rhinovirus by heat or acid treatment and which
can be seen to have holes in the capsid by electron
microscopy (17, 25).

The rhinovirus cell-associated eclipse product
and the noninfective rhinovirus eluted particles
are both similar in that they have a sedimentation
rate which is about 109, less than that of infec-
tive virions. A similar reduction in sedimentation
has also been reported for the noninfective eluted
particles of poliovirus type 1 (9), and these also
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are resistant to ribonuclease (15, 21). The eluted
particles of coxsackievirus B3 have also recently
been shown to share these properties with polio-
virus and in addition have been shown to lack
VP4 (6) as does the rhinovirus eclipse product.
The rhinovirus type 2 eclipse product differs from
the eluted particles from poliovirus and coxsackie-
virus in that it is partly stable to CsCl gradient
centrifugation and in CsCl produces a component
which is lacking both VP2 and VP4. HRV-14 re-
sembles the enteroviruses more in this respect,
since the 135S particle produced during eclipse
appears to be completely unstable in CsCl.

Although we cannot now present evidence for
it, we would like to suggest that the eclipse which
is observed to occur with the major portion of
the infecting virions in these studies may be sim-
ilar in nature to a biochemical step which is
undergone by each infecting particle during the
process of productive infection. In the HRV-2
system, this represents one particle in 2,200 (un-
published data).

Uncoating of the cell-associated rhinovirus
virions can occur only after eclipse (Fig. 1), and
many of the uncoated particles probably enter an
abortive pathway leading to digestion of the
virion RNA to trichloroacetic acid-soluble prod-
ucts. Since the ratio of infecting particles to
plaque-forming units is very high, only a very
small fraction of the eclipsed particles may ulti-
mately enter into a productive sequence leading
from uncoating to translation of the viral genome.

ACKNOWLEDGMENTS
We thank Jane Noblc for helpful criticism, Royce Z. Lockart
for encouragement and support, and Virginia Kiloren and Peggy
Parisc for technical assistance.

LITERATURE CITED

. Bachtold, J. G., H. C. Bubel, and L. P. Gebhardt. 1957. The
primary interaction of poliomyelitis virus with host cells of
tissue culture origin. Virology 4:582-589.

2. Breindl, M. 1971. The structure of heated poliovirus particles.

J. Gen. Virol. 11:147-156.

3. Brown, F., B. Cartwright, and D. L. Stewart. 1962. Further
studies on the infection of pig-kidney cells by foot-and-
mouth disease virus. Biochim. Biophys. Acta 55:768-774.

4. Buck, C. A, G. A. Granger, M. W. Taylor, and J. J. Holland.
1967. Efficient, inefficient and abortive infection of different
mammalian cells by small RNA viruses. Virology 33:36-46.

S. Calusen, T. 1968. Measurcment of 3P activity in a liquid
scintillation counter without the use of scintillator. Anal.
Biochem. 22:770-773.

6. Crowell, R. L., and L. Philipson. 1971. Specific alterations of
coxsackievirus B3 cluted from HeLa cells. J. Virol. 8:509-
51s.

7. Darneil, J. E., and T. K. Sawyer. 1960. The basis for variation
in susceptibility to poliovirus in HeLa cells. Virology 11:
665-675.

8. Eagle, H. 1969. Amino acid metabolism in mammalian cell
cultures. Science 130:432-437.

9. Fenwick, M. L., and P. D. Cooper. 1962. Early interactions

between poliovirus and ERK cells: some observations on the

AND KORANT

J. ViroL.

nature and significance of the rejected particles. Virology
18:212-223.

10. Haff, R. F., B. Wohlsen, E. E. Force, and R. C. Stewart. 1966.
Growth characteristics of two rhinovirus strains in WI-26
and monkey kidney cells. J. Bacteriol. 91:2339-2342.

11. Hall, L., and R. R. Reuckert. 1971. Infection of mouse fibro-
blasts by cardioviruses: premature uncoating and its preven-
tion by elevated pH and magnesium chloride. Virology
43:152-165.

12. Hayes, F. N. 1963. Solutes and solvents for liquid scintillation
counting. Packard Technical Bulletin No. 1, rev. Packard
Instrument Co., Downers Grove, Ill.

13. Holland, J. J. 1962. Irreversible eclipse of poliovirus by HeLa
cells. Virology 16:163-176.

14. Holland, J. J., and L. C. McLaren. 1959. The mammalian
cell-virus relationship. II. Adsorption, reception and eclipse
of poliovirus by HeLa cells. J. Exp. Med. 109:487-504.

15. Joklik, W. K., and J. E. Darnell, Jr. 1961. The adsorption and
early fate of purified poliovirus in HeLa cells. Virology
13:439-447.

16 Lonberg-Holm, K., and L. Philipson. 1969. Early events of
virus-cell interaction in an adenovirus system. J. Virol.
4:323-338.

17. McGregor, S., and H. D. Mayor. 1971. Internal components
relcased from rhinovirus and poliovirus by heat. J. Gen.
Virol. 10:203-207.

18. McLaren, L. C,, J. J. Holland, and J. T. Syverton. 1959. The
mammalian cell-virus relationship. 1. Attachment of polio-
virus to cultivated cells of primate origin. J. Exp. Med.
109:475-485.

19. Mak, T. W., D.J. O’Callaghan, and J. S. Colter. 1970. Studies
of the early events of the replicative cycle of three variants of
mengo encephalomyelitis virus in mouse fibroblast cells.
Virology 42:1087-1096.

Mandel, B. 1962. Early stages of virus-cell interaction as
studied by using antibody. Cold Spring Harbor Symp.
Quant. Biol. 27:123-131.

21. Mandel, B. 1967. The interaction of neutralized poliovirus

with HeLa cells. IT. Elution, penetration, uncoating. Virol-
ogy 31:248-259.

22. Philipson, L. 1963. The ecarly interaction of animal viruses and
cells. Progr. Med. Virol. 5:43-78.

Philipson, L., and S. Bengtsson. 1962. Interaction of entero-
viruses with receptors from erythrocytes and host cells.
Virology 18:457-469.

Philipson, L., K. Lonberg-Holm, and U. Pettersson. 1968.
Virus-receptor interaction in an adenovirus system. J. Virol.
2:1064-1075.

25. Reeves, J. D., and H. D. Mayor. 1969. The degradation of the
rhinovirion as studicd by high resolution sterco electron
microscopy, In C. Arcencuax (ed.), Proc. Electron Micros-
copy Soc. Amer., 27th Ann. Meeting, p. 404—405.

Stott, E. J.,, and G. F. Heath. 1970. Factors affecting the
growth of rhinovirus 2 in suspension cultures of L-132 cells.
J. Gen. Virol. 6:15-24.

Thomas, D. C., R. M. Conant, and V. V. Hamparian. 1970.
Rhinovirus replication in suspension cultures of HeLa cells.
Proc. Soc. Exp. Biol. Med. 133:62-65.

Tyrrell, D. A. J. 1968. Rhinoviruses, p. 67-124. In S. Gard,
C. Hallauer and K. F. Meyer (eds.), Virology Monographs,
vol. 2. Springer-Verlag, New York.

. Vogt, M., and R. Dulbecco. 1958. Properties of a HeLa cell
culture with increased resistance to poliomyelitis virus.
Virology 5:425-434.

Wall, R., and M. W. Taylor. 1969. Host-dependent restriction
of mengovirus replication. J. Virol. 4:681-687.

31. Wall, R., and M. W. Taylor. 1970. Mengovirus RN A synthesis

in productive and restrictive cell lines. Virology 42:78-86.

32. Zajac, 1., and R. L. Crowell. 1965. Effect of enzymes on the
interaction of enteroviruses with living HeLa cells. J. Bac-
teriol. 89:574-582.

20.

23.

24,

26.

27.

28.

30.



