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SUMMARY
The simian parainfluenza virus SV5 is a member of myxovirus subgroup II,
which includes parainfluenza, mumps, and Newcastle disease viruses.

These

viruses are 120-500 mji in diameter, and consist of an envelope covered with
surface projections and an internal ribonucleoprotein component which is a
single-stranded helix, 150-180 A in diameter, A high yield of infective SV5
is produced by primary cultures of rhesus monkey kidney (MK) cells, and the
virus-cell interaction is moderate:

infected cells divide normally, exhibit

little cyctopathic effect, and cellular macromolecular synthesis is not
inhibited.
An electron microscopic study of SV5 replication in MK cells was undertaken.

Virus adsorbs to the cell surface and is then taken into cells by

phagocytosis. Virus-induced morphological changes appear only in the
cytoplasm of infected cells.

The helical nucleocapsid of the virus appears

to form in the cytoplasmic matrix and align under regions of the cell
membrane which acquire viral surface projections. Assembly and release of
virus particles at the cell surface occurs by a budding process involving
incorporation into the viral envelope of a unit membrane, which is continuous with and morphologically identical to that of the host cell.
spherical and filamentous virus particles are formed.

Both

Filaments frequently

contain nucleocapsid in a regular spiral which extends throughout their
length.

SV5 causes minimal cytopathic changes in MK cells, and there

appears to be a balance between the rate of synthesis of nucleocapsid and
its continuous release within mature virus particles.
Under certain conditions, a gradual accumulation of nucleocapsid is
seen in the cytoplasm of infected cells.

This observation suggested an

approach to the isolation of SV5 nucleocapsid.

Equilibrium sedimentation

in cesium chloride gradients was used to purify nucleocapsid released from
cells by osmotic shock.

The length distribution of the released nucleocap-

sid shows a sharp peak with a mean of 1.02 |i, and it is probable that this
length contains one SV5 genome. Chemical determinations indicate that the
nucleocapsid is a ribonucleoprotein with an RNA content of 4„l%o

The length

distribution of the nucleocapsid of Newcastle disease virus closely
resembles that obtained for SV5. On the basis of these and other results,

it seems likely that /-^ 1 |j, is the unit length of the nucleocapsid of all
subgroup II myxoviruses.
SV5 RNA was isolated from purified nucleocapsid or from virus purified
equilibrium zonal centrifugation in a potassium tartrate gradient, in which
the virus bands at a density of 1.22-1.23.

The RNA was dissociated frora

protein by treatment with sodium dodecyl sulfate, and purified by sedimentation in a sucrose density gradient.

RNA's isolated frora virions and from

purified nucleocapsid are indistinguishable in sedimentation behavior.

The

sedimentation coefficient of SV5 RNA was estimated to be 50 S in sucrose
gradients containing 0.05 M NaCl.

On the basis of its ribonuclease

sensitivity, base composition, and sedimentation behavior, SV5 RNA appears
to be single-stranded.
The methods used in the studies of SV5 were applied to pneumonia virus
of mice (PVM), an unclassified virus whose structure had not been previously
deterrained.

PVM virions are spheres 80-120 m\i in diameter, or filaments of

similar diameter with lengths up to 3 |i. The particles possess an outer,
spike-covered envelope and helical internal component 120-150 A in diaraeter.
Virus particles acquire their envelope by a budding process at the cell
membrane; mature particles are seen only extracellularly.

Dense inclusions

are prominent in the cytoplasm of PVM-infected BHK21 cells, and appear to
consist of aggregates of the PVM internal component.

The helical component

was isolated in a cesium chloride gradient from extracts of osraotically
shocked cells. Murine erythrocytes, which are agglutinated by PVM, adsorb
to the surfaces of infected cells and to budding and extracellular PVM
particles.

On the basis of its structure and morphogenesis, PVM appears to

be a myxovirus; however, the details of its structure and replication differ
frora either of the two established subgroups ofrayxoviruses,and suggests
that a third subgroup of these viruses exists.
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INTRODUCTION

2
Principal Features of Virus Structure
Current ideas about the structure of viruses have emerged from a variety
of experimental approaches, Including chemical analysis, electron raicroscopy,
and X-ray diffraction.

The earliest structural information, the estimation

of the sizes of virus particles, was obtained by ultrafiltration with graded
collodion membranes (Elford, 1931),

The crystallization of tobacco mosaic

virus by Stanley (1935) stimulated studies of the chemistry of viruses. Many
viruses, including tobacco mosaic, were found to consist only of protein and
nucleic acid, with protein generally comprising the major portion of the mass
of the particle (Knight, 1963).

The high ratio of protein to nucleic acid,

and the insensitivity of viral nucleic acids to nucleases, suggested that the
protein formed a coat around the nucleic acid.

Since nucleic acid appeared

to function as genetic material (Avery et al., 1944; Hershey and Chase, 1952),
and viral nucleic acid appeared to determine the structure of viral proteins
(Harris and Knight, 1952; 1955; Fraenkel-Conrat, 1956), a problem in coding
arose because the total number of amino acids always greatly exceeded the
number of nucleotides in the viral nucleic acid.

The suggestion was there-

fore made (Crick and Watson, 1956; 1957) that the viral protein coat consists
of a large number of chemically identical subunits.
The construction of a protein coat from Identical subunits seemed likely
to occur in such a manner that each subunit would be in an equivalent
environment, with the same kinds of inter-subunit bonds serving to hold each
subunit in place. The predicted result (Crick and Watson, 1957) was a symmetrical structure, which was demonstrated by X-ray diffraction studies
(Franklin et al., 1957; Caspar, 1956) and electron microscopy (Williams and
Smith, 1958).
shells:

Two types of symmetry have been described for viral protein

helical and icosahedral. A large number of plant viruses are nucleo-

proteins with helical symmetry.

Icosahedral viruses include many animal

viruses, plant viruses, and some bacteriophages.
Although a large number of viruses are constructed as simple, symmetrical nucleoproteins, others possess a much greater degree of structural complexity.

These include many bacteriophages with specialized tail structures

to facilitate penetration of their nucleic acid into a host cell, and also
a number of animal viruses with complex structures with lipid as an essential
component.

The nucleic acid, in many of the lipid-containing viruses, is
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contained in a symmetrical protein coat similar to that of the sirapler viruses.
This nucleoprotein internal component is then further enclosed, by a lipidcontaining covering, to form the infective virus particle.
A system of nomenclature has been applied to virus particles and their
structural components (Caspar et al,, 1962).

Figure 1 illustrates the appli-

cation of this terminology to schematic sections of virus particles. The
ssmimetrical protein shell which surrounds the nucleic acid is called the
capsid.

It is composed of identical subunits, called structure units. These

are normally arranged in clusters which are visible with the electron raicroscope, and are called morphological units or capsoraeres. The capsid,
together with its enclosed nucleic acid, is terraed the nucleocapsid, Nucleocapsids may possess either helical or icosahedral symraetry.

The outer,

lipoprotein covering which encloses the nucleocapsids of some animal viruses
is termed the envelope.
virion.

The complete, infectious virus particle is the

This terminology will be employed in this dissertation.

Segregation of Animal Viruses into Major Groups

The large and increasing number of known animal viruses raake it desirable to have a system of virus classification.

Early systems grouped viruses

according to certain biological properties, such as tissue specificity.
Recent advances in our knowledge of the structure and chemistry of virus
particles have made it possible to devise a classification system for viruses
based on their fundamental structural features (Lwoff et al., 1962; Green,
1965).

Viruses grouped together because of a similar structure frequently

possess many biological properties in common.
The properties which are used to define the major groups of animal
viruses include type of nucleic acid, particle size, presence of an envelope,
symmetry, and number of capsomeres (when known).

When viruses are classified

according to these properties, the vast majority fall into one of eight major
groups, which are listed in Table 1.

In addition to the eight well-established

groups, two other groups have been suggested:

small ('"^ 20rapi)icosahedral

DNA-containing viruses, and bullet-shaped (65 x 150 m|i) RNA viruses which
appear to have a helical internal structure. A number of other animal viruses
have not yet been classified because of lack of detailed information about
their structure.

STRUCTURE UNIT
Morphological Unit
or Capsomere

CAPSID

\NUCLEO-

Nucleic Acid) CAPSID

STRUCTURE UNIT

ENVELOPE

Nucleic Acidi NUCLEOCAPSID
J CAPSID

Figure 1.

Schematic sections through virus particles, illustrating

the current terminology for viral components:

above, naked

nucleocapsid indicating the general structure of an icosahedral
virus; below, enveloped helical nucleocapsid (modified from
Caspar et al., 1962).

TABLE 1
Characteristics of Major Groups of Animal Viruses

Particle
Size (m|i)

Presence of
Envelope

Capsid
Symraetry

Picornavirus

17-3^

-

icosahedral

Reovirus

70-75

-

icosahedral

Arbovirus

20-100

+

?

80-120
120-450

+
+

helical, 9 ra|j,
helical, 18 m|i

Papovavirus

40-55

-

icosahedral

72

Adenovirus

70-85

-

icosahedral

252

Herpesvirus

120-180

+

icosahedral

162

Poxvirus

225-290

+ (comp]Lex)

Number of
Capsomeres

RNA Viruses:

Myxovirus
Subgroup I
Subgroup II

32 (?)
92 or 180

DNA Viruses'.

?
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A Brief Description of the Myxovirus Group

The terra myxovirus was proposed by Andrewes, Bang, and Burnet (1955)
for a group of viruses which then included influenza, mumps, fowl plague,
and Newcastle disease.

The name was suggested because of the affinity of

these viruses for certain mucoid substances.

Since this original proposal,

a number of viruses have been added to the myxovirus group.

The most

numerous are the parainfluenza viruses, which possess both the structural
and biological properties of the original myxoviruses (Andrewes et al.,
1959),

Other viruses which have been proposed as myxoviruses largely on the

basis of structural similarity include measles, canine distemper, rinderpest, and respiratory syncytial virus, A variety of diseases may result
from myxovirus infection, although mostrayxovirusesinfect the respiratory
tract.
Early electronraicroscopicstudies of influenza virus (Taylor et al.,
1943) showed particles which were roughly spherical, with araeandiaraeter
of approximately 80 ran. The exact size and shape of the particles were
variable, and depended to some extent on the preparative procedures used.
Later, it was pointed out (Mosley and Wyckoff, 1946) that filamentous
forms, with the same diameter as the spheres, were characteristic of many
influenza virus preparations.

The filaraentous particles were found in

greatest number in newly Isolated influenza strains (Chu, Dawson, and
Elford, 1949).

In early studies of Newcastle disease virus (Bang, 1946a;

b) the observed particles varied in size and shape, and the preparative
procedure used could markedly affect virus morphology.

All of these

results therefore indicated mainly the general particle size and an
apparent pleomorphism, and did not serve as a basis for classifying these
agents together as a virus group.
The property of myxoviruses which did distinguish them from other
viruses was the nature of their interaction with receptors on susceptible
host cells and on red blood cells. The agglutination of red blood cells
by a virus was first described for influenza (Hirst, 1941; McClelland and
Hare, 1941), and thereafter, hemagglutination was also shown to be a
property of Newcastle disease (Burnet, 1942), fowl plague (Lush, 1943),
and mumps (Levens and Enders, 1945).

Hemagglutination can be used as a
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means of quantitating virus suspensions, and is inhibited by specific antibody to the virus.

It was recognized by Hirst (1942) that the virus gradu-

ally destroys the receptors for hemagglutination on the red cell surface,
presumably by an enzjmnatic process.

Identification of the split product of

this reaction (Klenk, 1955), and studies of the splitting of oligosaccharides
by the viral enzyme (Gottschalk, 1957) demonstrated that the enzyme is a
neuraminidase, which splits neuraminic acid residues on mucoproteins. The
receptors for myxovirus attachment, either to red blood cells or susceptible
host cells, appear to be mucoproteins, and hemagglutination or infection
can be prevented by pretreatment of cell surfaces with neuraminidase
(receptor-destroying enzyme) (Gottschalk, 1966).

The neuraminidase of

myxoviruses was the first example of an enzyme as an integral part of a
virus particle.

Recent studies of influenza virus (Mayron et al., 1961;

Laver, 1964) indicate that the viral hemagglutinating component (heraagglutinin) and neuraminidase are two distinct proteins.
Chemical determinations on myxoviruses indicate a low content of RNA,
with protein and lipid comprising the major portion of the mass of the
particle.

In addition, those viruses which haye been analyzed for carbo-

hydrate have contained more than could be accounted for by their nucleic
acid content. Table 2 summarizes the chemical composition of several
representativerajrxoviruses.Since in many cases the viruses were purified
only by differential centrifugation, it is uncertain whether these values
are correct.

Intact RNA was not isolated in early studies of myxoviruses,

but attempts were made to estimate the average RNA content per virus
particle.

Such estimation yielded values of 2 x 10° daltons for influenza

A and B (Ada, 1957), and 3 x 10® for Newcastle disease (Rott, 1962).

As

described later, the latter value is now considered to be too low. The
base ratios which have been determined indicate that myxovirus RNA's are
single-stranded (Schaffer and Schwerdt, 1965).
When myxoviruses are treated with ether, virus particles are disrupted and two separate antigenic components can be isolated (Hoyle, 1952;
Schafer, 1957; Schafer and Rott, 1959).

One antigen is the viral hemagglu-

tinin, which is presumed to be the surface component of the intact particle,
and is devoid of RNA.

The other antigen, called soluble (s) or gebundenes

(g), is usually measured by complement fixation, and is a nucleoprotein

8

TABLE 2
Chemical Composition of Some Myxoviruses'

Virus

RNA

%
Protein

%
Lipid

Influenza
A and B

0.8-1

60-75

18-37

Ada and Perry.
1954; Frommhagen et al.,
1959

Fowl plague

1.8-4

60-70

25

Schafer, 1959

3.5

65

27

Schafer, 1959
Cunha et al.,
1947

Newcastle
disease

*
Adapted from Schaffer and Schwerdt (1965).

% Non-nucleic
acid carbohydrate

Reference
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containing all of the virion's RNA.

It is released from virus particles in

fragments of variable length.
After the development of the negative staining technique for high resolution microscopy of viruses (Hall, 1955; Brenner and Horne , 1959), it was
observed that the various" members of the myxovirus group possess some
strikingly similar structural features.

The envelopes of myxovirus parti-

cles are composed of a membrane covered with closely-spaced projections,
or spikes, 80-100 A in length (Horne et al„, 1960).

In this study, such

surface projections were reported to be absent on influenza virus filaments.
However, in subsequent studies of a large number of influenza virus strains
(Choppin et al,, 1961), every strain was found to possess filaments with
surface projections indistinguishable from those seen on spherical virus
particles.

In the interior of virus particles, elongated structures are

visible with a regular periodicity suggesting a helical arrangement within
the strands (Horne and Waterson, 1960; Horne and Wildy, 1961),

These

structures are identical to the nucleoprotein antigen obtained by disrupting virus particles with ether, whereas the hemagglutinin possesses
the spikes characteristic of the viral envelope (Hoyle et al,, 1961;
Choppin and Stoeckenius, 1964a),
Although all myxoviruses appear to possess a helical internal coraponent the detailed structure of this component differs in the various members
of the group, and two subgroups of myxoviruses can thus be clearly recognized (Waterson, 1962),

Influenza and fowl plague viruses possess an

internal coraponent approxiraately 90 A in diameter, the substructure of
which is difficult to resolve, and it is released from particles in short
segments after ether treatment (Hoyle et al,, 1961),

The internal compon-

ent of Newcastle disease, mumps, and parainfluenza viruses is about 180 A
in diameter, has a periodicity of about 45 A along its length, and is sometimes released as relatively long pieces (Horne and Waterson, 1960), Although it was first proposed (Horne and Waterson, 1960) that the internal
components of myxoviruses were constructed as double helices of two intertwining strands, recent•studies of the 180 A nucleoproteins have clearly
demonstrated that they are single helices (Choppin and Stoeckenius, 1964b).
The detailed structure of the influenza virus internal component has not
been elucidated.

A number of other structural and biological differences
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have been recognized between the influenza viruses (subgroup I rayxoviruses)
and the Newcastle disease-mumps-parainfluenza viruses (subgroup II myxoviruses), which are summarized in Table 3.

In view of recent studies, some

of the differences between the two subgroups must be reexamined, and the
possibility of at least one additional subgroup must be considered (Compans
et al., 1967).

The Replication and Assembly of Myxovirus Particles
The most detailed information about the biochemistry of RNA virus
multiplication has come from studies of picornaviruses, the small, icosahedral RNA viruses (Darnell, 1965).

Although some significant differences

probably exist between the replication processes of myxoviruses and
picornaviruses, and even between myxovirus subgroups I and II, it is likely
that some of the information concerning the picornavirus "model" system
applies also to macromolecular synthesis in myxovirus-infected cells.
According to this model, single-stranded viral RNA serves as messenger RNA,
complexing with host cell ribosomes to form virus-specific polyribosomes.
These polysomes function in the synthesis of viral proteins, including
structural proteins. Among the new proteins to appear in infected cells
is a virus-induced RNA polymerase, capable of synthesizing viral RNA in
the cytoplasm of infected cells. Double-stranded RNA is presumed to be
an intermediate in viral RNA synthesis. When a pool of newly-synthesized
viral RNA and protein has been built up, formation of viral progeny is
thought to occur by a self-assembly process.
Because of their structural complexity, the replication of myxoviruses
must differ from the multiplication of picornaviruses in some respects,
since the assembly of virus progeny cannot occur by a one-step crystallization of proteins around nucleic acid.

In studies of the development of the

antigens of subgroup Irayxovirusesby iraraunofluorescence, two discrete
sites of antigen formation were recognized (Liu, 1955; Breitenfeld and
Schafer, 1957).

First, the "g" or nucleoprotein antigen was detected in

the nuclei of infected cells. At later times, this antigen was found in
the cytoplasm, and the heraagglutinin antigen of the viral envelope was then
also observed in the cytoplasm.

With the subgroup II m3;^oviruses, however,
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TABLE 3
Segregation of Myxoviruses into Two Subgroups

Members

Subgroup I

Subgroup II

Influenza A, Bj
and C

Parainfluenza 1, 2, 3,
and 4; Newcastle disease
virus, mumps, and SV5

Particle size

80-120 ra|i

120-500 m|i

Diameter of helical
nucleocapsid

9 m|i

18 mji

Filamentous forms
Easily disrupted
Apparent site of synthesis
of nucleocapsid antigen
Cytoplasmic inclusions

+
nucleus
usually absent

Hemolytic and cell-fusing
activities

cytoplasm
+
+

Cooperative genetic reactions;
genetic recombination,
multiplicity and cross
reactivation, incomplete
virus formation

Modified from Waterson, 1962, and Hirst, 1965,

f
' It was thought that filaments were rare among subgroup II myxoviruses;
however, many filaments have recently been observed in fixed, sectioned
preparations of parainfluenza viruses (Prose et al,, 1965; Compans et al,,
1966; Howe et al,, 1967b),
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antigens have been detected only in the cytoplasra inraosthost cell systeras,
although some instances of nuclear antigens have been reported (Chanock and
Parrott, 1965).
Early electron microscopic studies of myxovirus-infected cells primarily served to indicate the process by which virus is released from cells. It
was observed by Murphy and Bang in 1952 that influenza virus filaments and
spheres projected from the cell surface into the extracellular space. No
virus particles were observed in the interior of cells at times when infective virus was being synthesized, and it therefore appeared that the particles matured at the cell surface.

This was the first demonstration of virus

release occurring by a process other than lysis. With the addition of
ferritin-conjugated antibody (Morgan et al,, 1961a) it was observed that
cell surfaces contained viral antigen in areas where virus was differentiating, and it was then suggested that virus was coated with this material
upon emerging.

The relationship of the normal cellular unit membrane

(Robertson, 1961) to the envelope of the emerging virus was not deterrained.
Ferritin-conjugated antibody also was used to identify influenza antigen in
dense aggregates in cell nuclei, and dispersed antigen in the cytoplasm
(Morgan et al., 1961b).

The structure of these antigenic components was

not resolved.
Early electron microscopic studies of muraps and Newcastle diseaseinfected cells also suggested thatraaturevirus particles were elaborated
at the surfaces of infected cells (Bang and Isaacs, 1957).

More recently,

Berkaloff (1963) demonstrated that portions of the plasma membrane of cells
infected with parainfluenza virus became morphologically altered to resemble
the structure of the viral envelope.

The nucleocapsid of the virus could

be visualized in sections immediately beneath the altered membrane. Msrxoviruses of both subgroups therefore appear to be elaborated at the surface
of cells by a budding process, similar to the shedding of membrane fragments
which occurs continuously in uninfected cell cultures (Hoyle, 1954).
Because the maturation ofrayxoviruseswas observed to be intimately
associated with the cell membrane, the question arose as to whether myxovirus particles acquired some norraal material of the host cell during
budding.

Evidence from radioactive labelling experiments (Wecker, 1957)

indicated that preexisting host cell lipids are incorporated into fowl
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plague virus. More recently, analysis of the lipid composition of purified
influenza virus grown in two different cell types indicated that the lipid
of the virus reflected the lipid pattern of the host cell (Kates et al,,
1962).

Although it is now generally agreed that mixoviruses derive their

lipid components frora preexisting cell material, a controversy continues to
exist concerning the presence of host cell antigens within myxovirus particles, A number of reports have described host cell antigens in purified
myxovirus preparations (Knight, 1946; Smith et al,, 1953; Isacson and Koch,
1965; Haukenes et al,, 1965; Drzeniek et al,, 1966; Laver and Webster, 1966;
Howe et al,, 1967a), but their absence has also been claimed (Ananthanarayan,
1954; Kroeger, 1962),

The difficulty in deciding this question is largely

due to use of virus preparations of an unknown degree of purity.

In addi-

tion, failure to demonstrate host antigenraaybe explained because virus
particles were not disrupted, since it is possible that such antigens would
be in the Interior of virus particles.
Isolation and Properties of the Parainfluenza Virus SV5

This dissertation describes the results of investigations on the
structure and replication of simian virus 5, a parainfluenza virus (Compans
et al,, 1966; Corapans and Choppin, 1967a),

SV5 is one of raany simian

viruses, all designated by the initials SV, which have one common property,
i,e,, they were originally isolated from primary cultures of rhesus monkey
kidney cells. A large number of these agents were detected as contaminants
in these cultures during the preparation of poliovirus vaccines. Another
commonly studied simian virus is a papovavirus, the small DNA-containing
tumorigenic virus, SV40.
SV5 was first isolated in 1956 by Hull and co-workers, and is one of
the most common contaminants ofraonkeykidney cell cultures. However,
viruses which are antigenically related to SV5 have also been isolated frora
man or the hamster (Schultz and Habel, 1959), frora human blood and throat
swabs (Hsiung, 1959; Hsiung et al., 1962; von Euler et al., 1963), from a
line of human conjunctival cells (Krim et al., 1961), from patients with
Infectious hepatitis (Liebhaber et al., 1965), and frora a cell culture
from a human atheromatous lesion (Behbehani et al,, 1965).

The role of

the virus in human or simian disease has not been established.

SV5 has
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failed to cause detectable disease in laboratory animals, although virus
multiplication has been demonstrated (Chang and Hsiung, 1965).

Studies of

SV5 have been stimulated by several interesting biological properties of
the virus.

Its contrasting behavior in various cell types has suggested

that the response of the host cell membrane determines the virulence of the
virus (Holmes and Choppin^, 1966), and the failure of SV5 to interfere with
superinfection by other viruses (Choppin, 1964) has permitted investigation
of the effect of one virus on the RNA and protein synthesis of another
(Choppin and Holmes, 1967).
The biological and structural properties of SV5 indicate that it belongs to the parainfluenza-raumps-Newcastle disease subgroup of myxoviruses,
SV5-infected cells exhibit hemadsorption, i.e., adsorption or erythrocytes
(Chanock et al., 1961), a known property of ms^xoviruses (Vogel and Shelokov,
1957).

The virus is antigenically related and similar in hemagglutination

behavior to subgroup II myxoviruses (Hsiung et al., 1962).

SV5 does not

undergo the cooperative genetic interactions characteristic of influenza
virus, i.e., incomplete virus formation at highraultiplicity(Choppin, 1964),
and the synthesis of SV5 RNA is not inhibited by actinomycin D (Choppin,
1965).

The classification of SV5 as a subgroup II myxovirus was clearly

established by electronraicroscopicstudies (Choppin and Stoeckenius,
1964b) which indicated that the virus particle is very similar in structure
to the other members of the parainfluenza-muraps-Newcastle disease subgroup
(Horne et al,, 1960; Waterson et al,, 1961; Waterson and Hurrell, 1962),
SV5 virions (Figure 2) have an envelope covered with projections
approximately 100 A in length.

The internal component, or nucleocapsid

of SV5 is a single helix 160-180 A in diameter, with a central hollow core
40-55 A in diameter.

It is constructed from ellipsoidal subunits with a

long axis of 55-70 A and a short axis of •'^ 25 A.

The dimensions of SV5

nucleocapsid, as well as its subunit, appear to correspond closely to
those of tobacco mosaic virus (Klug and Caspar, 1960).
Chemical studies of myxoviruses have been hampered by the lability of
the virion and the difficulties involved In obtaining purified virus. Although many of the major structural features of SV5 and other myxoviruses
have now been established, the exact sizes of their nucleic acids have not
been determined, nor have the length and composition of their helical

Figure 2. The structure of the parainfluenza virus SV5, as shown by
negative staining (from Choppin and Stoeckenius, 1964b).
a.

SV5 virion showing the helical nucleocapsid coiled
inside, and the envelope covered with a layer of
closely spaced projections or spikes 100 A in length.

b,

Segraents of the nucleocapsid released frora disrupted
virus particles with the helical structure extended
and the individual turns of the single helix clearly
resolved (arrows).

c,

A long, tightly coiled piece of nucleocapsid that
was released frora virus by treatraent with phospholipase C,

X5

••'H'
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nucleocapsids.
unknown.

The chemical architecture of the viral envelope is also

SV5 is a particularly suitable myxovirus for cheraical studies

because large amounts can be grown in tissue culture (Choppin, 1964).
Further studies of the structure and chemistry of SV5, its helical nucleocapsid, and its RNA genome are described in the succeeding portions of
this dissertation.

II.

AN ELECTRON MICROSCOPIC STUDY OF THE REPLICATION

OF SV5 IN MONKEY KIDNEY CELLS
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In previous studies of the multiplication of SV5 in monkey kidney (MK)
cells (Choppin, 1964), it was demonstrated that the virus multiplies to high
titer with minimal cytopathic effects. A growth curve of the virus is
shown in Figure 3,

The latent period was approximately 6 hours, and the

doubling time during the exponential rise was approximately 50 minutes.
After 12 hours, there was a gradual increase in virus which continued
throughout the experiment.

SV5-infected MK monolayers could be maintained

for periods up to 30 days with minimal cell damage, which consisted of
slight granularity, some giant cell forraation, scattered rounded cells and
floating debris. Suchraonolayerscontinued to produce high titers of infective virus if the culture mediura was changed daily.

In a representative

experiment, 1500 plaque-forming units (PFU) per cell were produced on the
first day, and even on the thirtieth day, 175 PFU/cell were produced.
SV5-infected MK cells can divide at a normal rate, and cellular macromolecular synthesis is not inhibited by infection (Holmes and Choppin, 1966).
The type of steady state multiplication of virus of which SV5 infection in
MK cells is an example has been termed moderate virus-cell interaction
(Dulbecco, 1965).
SV5 does not interfere with infection and plaque formation by a wide
variety of superinfecting viruses, including some which are extremely
sensitive to interferon (Choppin, 1964).

The yield of a superinfecting

virus from an SV5-infected MK monolayer is usually similar to the yield
from control monolayers.

The normal yields of superinfecting viruses on

SV5-infected MK monolayers provide an additional demonstration that SV5
replication causes minimal deleterious effects on the cells.
The present electron microscopic study describes the raorphological
stages which are recognizable in the replication of SV5 virus in MK cells.
The observations confirm the results of earlier studies describing the
multiplication of SV5 with little cell damage, and support the previous
evidence which suggested that the virulence and yield of SV5 may depend
on the response of the cell membrane to the virus (Holmes and Choppin,
1966).
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Figure 3.

Growth curve of SV5 in primary rhesus monkey kidney cells

(from Choppin, 1964).

Materials and Methods

Virus.

The W3 strain of SV5 was grown in primary cultures of rhesus monkey

kidney cells in lactalbumin hydrolyzate medium with 2% calf serum (Choppin,
1964),
Preparation and Inoculation of cell cultures.

Primary cultures of rhesus

monkey kidney cells were prepared in 60 mra plastic petri dishes in lactalbumin hydrolyzate medium with 2% calf serum (Choppin and Philipson, 1961).
Monolayers of approximately 2 x 10^ cells were washed with a phosphate
buffered salt solution (PBS) (Dulbecco and Vogt, 1954) and inoculated with
0,5 ml of SV5 suspension. After an adsorption period of 1 or 2 hours at
37°C,the inoculum was replaced with growth mediura.
Electron raicroscopy. Cells were scraped frora petri dishes, centrifuged
for 4rainutesat 200 g, and the pellets fixed for 4rainutesin 1% glutaraldehyde in PBS (Sabatini et al., 1962) and postfixed 20-30 minutes with
1% osmlura tetroxide (Palade, 1952) in isotonic phosphate-buffered saline,
pH 7.2 (BS). The pellets were dehydrated in a series of alcohols and
embedded in epoxy resin (Luft, 1961).

Thin sections were stained by a

1 minute application of a saturated solution of uranyl acetate diluted
1:1 with ethanol, followed by a 1-2 minute application of 0.4% lead
citrate in 0.1 N NaOH (Reynolds, 1963).

Specimens were exarained in a

Hitachi HS-7S or Siemens Elmiskop I electron microscope.
Results

Uninfected MK cells. Rhesus monkey kidney cells in primary culture are
generally epithelioid with highly lobated nuclei.

In addition to other

cytoplasmic organelles of usual appearance, they contain extensive roughsurfaced endoplasmic reticulum and few smooth-surfaced cisternae.

The

plasma membrane of the MK cell can easily be resolved into two distinct
electron-dense layers separated by a less dense layer; this structure is
referred to as a unit membrane (Robertson, 1961),

Adjacent MK cells are

frequently in contact, have interdigitating borders, and possess the tight
junctions and desmosoraes characteristic of cells in kidney tissue
(Farquhar and Palade, 1963).

Other specializations of kidney tissue cells,

such as brush border, are not seen in cell cultures.
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Morphology of SV5 virions.

In thin sections, SV5 virions are either circular

profiles 1200-1500 A in diameter or long, rigid-appearing filaments with a
uniform diameter of about 1200 A (Figures 4 and 5).
ly over 1 |i in length.

The latter are frequent-

Such filamentous particles had not been observed in

negatively stained, unfixed preparations (Choppin and Stoeckenius, 1964b).
The viral envelope consists of a unit membrane similar to that of the host
cell, but with dense outer surface projections, or spikes, added.

In longi-

tudinal or oblique sections, the helical internal component or nucleocapsid
appears as a dense tubular structure 150-180 A in diameter, and in cross
section, as an electron dense circular outline of the sarae diaraeter with a
less dense center (Figures 4 and 5).
In filaraents, the helical nucleocapsid is frequently further coiled
into a regular spiral which extends throughout the length of the particle
(Figures 5 and 12).

This perraits an estimate of the length of the nucleo-

capsid in such regularly packed filaments, e.g., approximately 8 |i in the
filament on the right in Figure 12. It is possible that long filaraents
contain more than one piece of nucleocapsid.

The length of nucleocapsid

in sectioned spherical particles cannot be directly estimated because it is
not packed in a regular arrangeraent; however, when the volume of the
smaller spheres, which are 120-180rap.in diaraeter, is compared to that of
filaments, a length of '"^ 1 |i would appear to be reasonable for their
nucleocapsid.
Adsorption and penetration.

The early stages of SV5 infection were

examined after inoculating MK cells at a multiplicity of 5000 PFU/cell.
Cells sampled 10-30 minutes after inoculation show virus particles on or
near their outer membranes. Within 20rainutes,virus particles are frequently seen in cytoplasraic vacuoles or deep invaginations of the cell
raerabrane (Figure 6).

Within such vacuoles, alterations of virus raorphology

such as swelling, disruption, or condensation of particles are seen, suggesting destructive processes. Neither fusion of the viral envelope with
the cell merabrane, nor disintegration of the virus at the cell surface
with entry of viral material has been observed.

Intact virus particles

seen in the interior of the cells are invariably surrounded by cell merabranes and never free in the cytoplasraic raatrix. It was not possible to
detect SV5 nucleocapsid free within the cytoplasraic matrix of MK cells at
times when virus penetration was occurring.

Figure 4. A circular profile of a sectioned SV5 virion located adjacent
to the surface of a MK cell.

Note the clearly resolved unit

raerabrane in the envelope of the virion, which is identical in
appearance to the unitraerabraneof the host cell surface.
The outer leaflet of the viral membrane is covered with a
layer of projections corresponding to the spikes seen with
negative staining.

Such projections are absent on normal

cellular plasma membrane.
Figure 5, A filamentous SV5 particle--^ 1,5 |j. in length, with nucleocapsid traversing the central portion.

On the right, cross

sections of nucleocapsid are seen as electron opaque circular
profiles with less dense central regions.
is apparent in the viral envelope.

The unit merabrane
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Figure 6,

A portion of the surface of a raonkey kidney cell
20 minutes after inoculation with SV5, showing
virus particles within vacuoles or deep invagina
tions of the cell raerabrane. Some particles,
possibly viral, within vacuoles have a dense,
amorphous appearance.

Insert:

SV5 virion which

appears to be adsorbed to the cell surface, with
the viral spikes in contact with the plasraa
membrane.
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Morphogenesis of virus particles.

The replication of SV5 was examined in

samples taken 8-144 hours after inoculation of MK cells at a multiplicity
of 40 PFU/cell, Under these conditions, essentially all cells are infected
(Holraes and Choppin, 1966),

Extensive scanning is required to observe any

viral components in MK cells sampled 8 hours after infection; by 12 hours
or later, all stages in virus formation are seen. Figures 7-13 illustrate
MK cells at 22 hours, when all stages in virus formation are frequently
observed,
Segraents of the viral nucleocapsid are seen free in the cytoplasraic
matrix of infected cells, usually in the vicinity of the cell surface
(Figure 7). They are not associated with any cellular membranes, but are
commonly found near aggregates of ribosomes.

Despite the high yield of

virus at 22 hours, only small numbers of nucleocapsid strands are seen in
the cytoplasm.

Apart from this, no virus-specific alterations were de-

tected in the interior of Infected cells. Cell nuclei appeared normal,
changes in distribution of free vs, membrane-associated ribosomes were
not noticeable, and "factories" of dense material seen in other virus
infections (Dales, 1965a) were absent.
As has been found with other myxoviruses, SV5 particles mature by
budding from the cell surface.

The viral nucleocapsid is seen aligned

under some regions of the outer cell membrane (Figures 8, 12), In these
regions, the cell merabrane is covered with the surface projections
characteristic of the virus particles.

Such projections are particularly

distinct on surfaces of BHK21-F cells infected with SV5 (Holmes, 1968;
Compans et al,, 1966),

Areas such as these comprise a relatively small

proportion of the total cell surface, and regions of modified merabrane
as long as in Figure 8 are extreraely rare, Nucleocapsid aligned under
the cellraerabraneand surface projections on the outer leaflet are invariably associated; neither has been observed to occur alone.

The nucleo-

capsid lies in a single layer beneath the membrane; the regular spiral
arrangement of nucleocapsid observed in filamentous virions has not been
seen beneath the cell membrane, but appears to arise during the budding
process.

Figures 7-13. Monkey kidney cells 22 hours after inoculation with SV5,

Figure 7. Strands of nucleocapsid (arrows) free in the cytoplasmic
matrix near the surface of a cell.

Few nucleocapsids are

seen, although the rate of virus production is close to
maximal.
Figure 8.

Nucleocapsids, many in cross section, closely aligned
under a long region of the cellraerabrane.A layer of
denseraaterial(arrows) reserabling the viral surface
projections is present on the outer surface of the
raerabrane (raicrograph courtesy of Dr. Samuel Dales),
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Figure 9.

Two outfoldings of the cell membrane (arrows) with
nucleocapsid under the membrane and viral projections
on the outer surface.

The unit membrane on apparently

normal cell surfaces appears continuous with that in
the modified budding region on the right.
Figure 10. A row of eight closely adjacent budding particles,
and a single particle which appears to have been
released. Many cross sections of nucleocapsid are
apparent in the interior of budding particles.
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Figure 11, Portion of the cell surface with SV5 filaments in the
process of budding and circular profiles which appear
to be released spherical particles. Viral surface
projections and nucleocapsid are present along the
entire length of filaments but are absent on the
adjacent cellraerabrane.At the base of the filament
(arrow) the layers of the cell merabrane are continuous
with those of the unitraerabranein the viral envelope.
Near the bottom of the photograph, a region of the
cell membrane is modified by underlying nucleocapsid
and surface projections (double arrow).
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Figure 12, A portion of the cell surface showing nucleocapsid
aligned under several regions of the cell raerabrane.
Two long filaments contain nucleocapsid arranged
in a regular spiral extending the length of the
particles.
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Figure 13. Low magnification view of an area of the cell
showingraanyparticles in the process of budding,
and some possibly released.

The cytoplasm of

the cell appears essentially normal.
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Beginning outfolding of the modified merabrane is shown in Figure 9,
and a row of eight budding particles is illustrated in Figure 10. Filamentous particles, typically oriented perpendicular to the cell surface,
are shown in Figures 11-13.

The filaments contain nucleocapsid and sur-

face projections along their entire length, but neither are seen along
the cell surface iraraediately adjacent to the filament.

The layers of the

unit membrane in the envelopes of budding virus particles are indistinguishable from and clearly continuous with those of the outer cell
membrane (Figure 11),
Virus-induced alterations in infected MK cells. As described above, at
22 hours after inoculation, although high titers of SV5 have been produced
by MK cells, only scattered small groups of nucleoprotein strands can be
detected in the interior of infected cells.

In striking contrast, in the

BHK21-F cell line derived frora haraster kidney, SV5 causes rapid and extensive cell fusion and little SV5 is produced.

By 18 hours after infec-

tion, all cells have fused into a single multinucleate syncytium (Holmes
and Choppin, 1966).

In BHK21-F cells, there appears to be a block in

virusraaturationat the cell surface, and large cytoplasraic masses of
SV5 nucleocapsid are observed (Holmes, 1968; Compans et al., 1966). Although MK cells can produce virus for many days with little cytopathic
effects if the culture medium is replaced daily (Choppin, 1964), prolonged
incubation of infected cells without change of the medium produces gradual
cell fusion and accumulation of nucleocapsid.
Figure 14 shows cells sampled 3 days after inoculation.

By this time,

little fusion has taken place, and virus formation at the cell surface is
still frequently observed.

However, much greater amounts of nucleocapsid

are seen, filling large areas of the cytoplasm.

Cytopathic effects are

not marked although some mitochondria appear swollen and segregated in
clusters. By 6 days after inoculation, many giant cells are forraed,
containing 10-20 nuclei per cell.

Cytopathic effects are clearly notice-

able in some cells, consisting of vacuolized cytoplasm and myelin figure
formation.

The most striking change is the presence of large aggregates

of SV5 nucleocapsid in the cytoplasmic matrix of these cells (Figure 15).
Some of the strands show periodic striations indicating the helical structure.

These aggregates, which are seen in MK cells only after prolonged

incubation, are similar to the large inclusions of nucleocapsid which
„__..._- ... «,T,,«,^p cells infected with SV5 (Holmes, 1968).

Figure 14. Low magnification view of MK cells 3 days after
inoculation with SV5, Virus production at the cell
surface is still frequently observed at this time.
Although noraarkedcytopathic effects are present,
large areas of the cytoplasmic matrix are filled
with SV5 nucleocapsid (arrows).
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Figure 15, Portion of a MK cell 6 days after inoculation with SV5,
with no intervening change of the culture raedium,
A large collection of SV5 nucleocapsid is shown at
high magnification.

Some of the strands (arrows)

show periodicity indicative of the helical structure.
The nucleocapsid is easily distinguished frora the
cellular microtubules (MT) which have a larger
diameter and are rigid.
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Discussion
These electron microscopic studies extend previous studies of the
replication of SV5 (Choppin, 1964; Holmes and Choppin, 1966), and suggest
a sequence of steps in the maturation of virus particles.

SV5 appears to

adsorb to host cells and enter by a process resembling phagocytosis, as
previously found with several other animal viruses (Dales, 1965b).

It is

not clear whether nucleocapsid or free nucleic acid is released from
phagocytic vacuoles to the cytoplasmic matrix.

In agreement with previous

studies employing iraraunofluorescence (Holmes and Choppin, 1966), the
present observations indicate that the replication of SV5 occurs in the
cytoplasm, although the nuclear synthesis of precursor molecules cannot
be completely excluded.

The helical nucleocapsid appears to be formed in

the cytoplasmic matrix and becoraes aligned under regions of the cell membrane.

In such regions, the cell membrane acquires viral surface projec-

tions or spikes by araechanisrawhich is not clear.

Identifiable spikes

have not been detected on intracellular membranes nor have they been seen
in the process of penetrating the plasma membrane, though this may occur.
Since spikes on the outer leaflet and nucleocapsid beneath the cell membrane are always associated, it is not unlikely that they appear simultaneously at the cell surface. This could occur by incorporation of precursors of the spike into regions of the membrane, resulting in specific sites
with an affinity for nucleocapsid.

The presence of virus-specific compon-

ents in cell surfaces prior to any morphological change is also suggested
by the specific adsorption of erythrocytes to regions of cell membrane
which are of normal appearance (Hotchin et al., 1958; Compans et al., 1967),
As nucleocapsid aligns under such regions, spikes might appear by a polymerization or rearrangement. Virusraaturationis then completed by an
outfolding of the modified merabrane, enclosing the underlying nucleocapsid.
The surface changes seen with SV5 in the present study are similar to
those described by Berkaloff (1963) in a study of KB cells infected with
parainfluenza 1 virus. The presence of nucleocapsid in the cytoplasm of
cells infected with WB virus, another parainfluenza virus, was described
by Prose and co-workers (1965), while the present study was in progress.
Subsequent to the present investigation (Compans et al., 1966), other
electron microscopic studies of subgroup II myxovirus replication showed
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morphological stages in virus formation similar to those reported here
(Howe et al., 1967b; Due-Nguyen and Rosenblum, 1967; Ane, 1967).
It is now well established thatrayxovirusesacquire their envelope
during the budding process. As discussed previously, it has been shown
that the lipids of the virus are derived from the host cell, but a controversy continues to exist concerning the presence of host cell antigens
in the virion.

The present results Indicate that the cellular unit mem-

brane is incorporated into the virion and, with the added virus-specific
surface projections, makes up the viral envelope.

The unit membrane of

the cell has been clearly resolved, and is morphologically indistinguishable from that in the virus particle; during budding, the leaflets
of the unit membrane of the cell are continuous with those of the virion.
It therefore seems likely that host antigen in the form of a component(s)
of the unit membrane could form a part of the viral envelope, although
the possibility that all cellular macromolecules are replaced by virusspecific proteins cannot be ruled out.

The presence of host cell antigen

in the unit membrane of the viral envelope is not incompatible with the
recent finding by Due-Nguyen and co-workers (1966) that ferritin-labelled
anti-host cell antibody did not attach to the surface of influenza virus
particles, because such an antigen would probably not be accessible to
such antibody, being protected by the overlying layer of closely packed
surface projections.
SV5 filaments typically arise perpendicular to the cell surface,
rather than forming tangentially as described by Prose and co-workers
(1965) with WB virus. Although filament formation is frequent, long
areas (such as in Figure 8) of cell membrane which have surface projections and underlying nucleocapsid, are rare and do not appear to be
necessary intermediates for filament formation.

Spikes are not seen on

the cell surface Immediately adjacent to filaments, as would be expected
if filaments gradually developed from such long areas.

It is possible

that filaments are forraed by the continued elongation of small buds, and
that spikes and nucleocapsid are incorporated at the base.
It has been generally thought that filamentous virions are infrequent in the parainfluenza-muraps-Newcastle disease subgroup of ms^xoviruses
(Waterson, 1962), and in unfixed, negatively stained preparations of SV5
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typical filaments were not seen (Choppin and Stoeckenius, 1964b), However,
numerous filaments are found in sections of fixed SV5-infected cells. The
absence of filaments in negatively stained preparations of this subgroup
of myxoviruses could result from removal by low speed centrifugation or
disruption during purification, concentration, or staining.

In addition,

some of the large pleomorphic forms filled with nucleocapsid, that are
commonly seen, might result from distortion of filaraents, and the large
amounts of free nucleocapsid found in negatively stained preparations
could result in part from disruption of filaments.
Evidence has been presented (Holmes and Choppin, 1966) which suggests
that the behavior of SV5 either as araoderatevirus (in MK cells) or a
cytocidal virus (in BHK21-F cells) depends on the response of the cell
membrane.

The MK cell membrane is relatively resistant to fusion by SV5,

and infected, virus-producing cells survive for days.

The BHK21-F mem-

brane is extremely sensitive to fusion, and inhibition of raacromolecular
synthesis and cell death occur after extensive fusion.

The present

electron microscopic studies demonstrate that SV5 causes minimal cell
damage to MK cells while large quantities of virus are being produced,
and there is only a gradual accumulation of nucleocapsid by the cells.
There appears to be a balance between the synthesis of nucleocapsid and
its extrusion from the cell in virus particles.

In marked contrast,

BHK21-F cells are unable to incorporate nucleocapsid into mature virus
at the rate at which it is synthesized, and large quantities of nucleocapsid accumulate in the cytoplasm (Holmes, 1968; Compans et al., 1966).
The moderate interaction of SV5 with MK cells therefore appears correlated
with extrusion of viral components by an efficient budding mechanism, and
a cell membrane which is resistant to the cell-fusing activity of the
virus.

Ill,

ISOLATION AND PROPERTIES OF SV5 NUCLEOCAPSID
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The nucleocapsid of subgroup II myxoviruses, as already described, is
a single-stranded helix with a diaraeter of 150-180 A.

Estimates have been

made of the total length of nucleocapsid within negatively stained subgroup
II myxoviruses (Cruickshank, 1964; Hosaka et al,, 1966) but this is difficult because the nucleocapsid is usually seen in an irregular, tangled
arrangeraent, and also because virions are often not penetrated by the stain.
In addition, sorae large virus particles contain much more nucleocapsid than
others, A precise determination of the length of nucleocapsid released
from disrupted virus particles is also difficult because the nucleocapsid
is often fragmented, or at times stretched into a loose coil.

Due to this

inability to obtain a significant number of intact nucleocapsids, it has
not been possible to establish the length which contains one genome in
this group of viruses.
An approach to the isolation of myxovirus nucleocapsids was suggested
by the observation that large amounts of SV5 nucleocapsid can accumulate
within the cytoplasra of infected cells, A procedure for obtaining apparently intact nucleocapsid from infected cells is described here. The
nucleocapsid was purified by gradient centrifugation, and its length and
RNA and protein content were deterrained.

Materials and Methods

Virus and cells; The W3 strain of SV5 and rhesus monkey kidney cell cultures have been described in part II. Newcastle disease virus (Hickman
strain) was grown by allantoic inoculation of 10-day-old chick embryos
5
with approximately 10 PFU, and harvesting allantoic fluid after 2 days.
The BHK21-F cell line, a heteroploid variant of the BHK21 cell line
derived from baby hamster kidney (Macpherson and Stoker, 1962), was grown
in reinforced Eagle's medium (Bablanian et al,, 1965) with 10% calf serum
and 10% tryptose phosphate broth, as described by Holmes and Choppin
(1966),
Plaque assay;

For plaque assay of SV5 (Choppin, 1964) virus dilutions

were made in Eagle's medium with 1% bovine serum albumin at 4° C, Confluent MK monolayers in 60 mm Petri dishes were washed with PBS and inoculated with 0,5 ml of the dilutions to be assayed.

Plates were incubated

at 37° C for 2 hours with agitation at 20-minute intervals, after which
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the inoculum was removed and an overlay of reinforced Eagle's medium with
4% calf serum and 0,95% agar (Noble) was applied.

Plates were stained

with 2 ml of 0,01% neutral red in the above overlay medium (without serum)
after 3 days, and plaques read on the 4th and 5th days,
BHK21 plates were inoculated for plaque assay as described above, and
overlayed with Eagle's medium containing 4% calf serum, 2% tryptose phosphate broth, and 0.95% agar.
Electron microscopy:

Plates were stained and plaques read as above.

A drop of sample was applied to a formvar-coated

grid with a heavy carbon film, excess liquid was removed, and a drop of
2% sodium phosphotungstate, pH 6,2, was applied for negative staining,
A Hitachi HS-7S electron microscope was used.
Analytical procedures:

Protein was deterrained by the Lowry procedure

(Lowry et al,, 1951), using bovine serum albumin as a standard,

RNA was

determined by the orcinol reaction (Mejbaum, 1939) with a yeast RNA
standard.

DNA was determined by the diphenylamine reaction (Burton, 1956)

with calf thjniius DNA as a standard.

The anthrone reaction (Scott and

Melvin, 1953) was used to determine total hexoses.

Total lipid was de-

termined on an aliquot of washed lipid extract (Folch et al., 1957) by a
microgravimetric technique.
Sucrose gradients: Linear 4,8 ml gradients of 5-20% sucrose in TEN buffer
(0,005 M Tris HCl, 0.05 M NaCl, 0.001 M EDTA, pH 7.2) were routinely prepared in 1/2" X 2" cellulose nitrate tubes.
Radioactivity determinations:

Samples were dissolved in 10 ml Liquiflor

(Pilot Chemicals, Inc) in toluene-methanol (1:1) unless indicated otherwise in legends.
Immune serum:

Purified nucleocapsid was diluted with phosphate-buffered

saline to a concentration of 25 |ig/ml, and 100 |ig was injected intravenously into rabbits weighing 2-3 kg; 10 days later 100 |ig was injected
intraperitoneally.

Rabbits were bled 18 days after the second injection.

Chemicals and isotopes: Cesium chloride and sucrose (307o w/w) optical
grade were obtained from Harshaw Chemical Co,, Cleveland, 0,; ribonuclease
and calf thymus DNA from Worthington Biochemical Corp., Freehold, N.J.;
yeast RNA, purified type XI, from Sigma Chemical Co., St. Louis, Mo.;
crystallized bovine plasma albumin, from Armour Pharmaceutical Co.,
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Kankakee, 111.; and pronase, from Calbiochem, Los Angeles, Calif. Sodium
dodecyl sulfate (SDS) obtained from Amend Drug and Chemical Co,, New York,
14
N,Y., was recrystallized frora 90% ethanol.
C-linoleic acid and uridine5- H were obtained from Nuclear Chicago, Des Plaines, 111,; and
C-algal
protein hydrolysate, frora New England Nuclear Corp., Boston, Mass,

Results

Release of nucleocapsid from osmotically shocked cells. The rapid accumulation of nucleocapsid in the cytoplasm of SV5-infected BHK21-F cells and
its gradual accumulation in MK cells have been already described.

For iso-

lation of SV5 nucleocapsid, BHK21-F cells were disrupted 18-24 hours after
inoculation at a multiplicity of 5-20 PFU/cell, and MK cells, 6 to 8 days
after inoculation at a similar multiplicity.
Cells were suspended with 0,25% trypsin and 0,05% EDTA in PBS,
pelleted at 250 g for five minutes, and resuspended in distilled water at
a concentration of 4 x 10^ MK cells or 1.5 x 10*^ BHK21-F cells/ml, based
on cell numbers at time of inoculation.

The large syncytia and many

smaller cells were disrupted by this treatraent. Electron microscopic
examination of these distilled water extracts showed that SV5 nucleocapsid
had been released frora the cells. The majority of the nucleocapsids were
long and tightly wound; examples are shown in Figure 16. Loosely coiled
segments of the helix were rare.
The distribution of lengths of nucleocapsid was determined by photographing and measuring all tightly coiled pieces within a randomly selected
region of the grid; the infrequent pieces of nucleocapsid with stretched-out
segments were not measured.

The cumulative result of two experiments is

shown in Figure 17. A sharp peak is evident around 1 |i; of 254 pieces
measured, 72% had a length falling in the interval between 0.9 n and 1.1 |i.
Fifteen pieces had lengths ranging from 1.8 to 2.4 |i, but pieces with
lengths between 1.2 and 1,8 |i were strikingly rare. Although pieces >2,4 \i
in length were not encountered in these determinations, scanning of grids
with large numbeis of nucleocapsids revealed rare pieces up to 4 |j, in length.
The mean length, and the standard deviation, of the pieces between 0,9 and
1,1 fi were calculated for each of the two experiments, and the values
obtained were 1.01 ± 0.04 [x and 1.03 ± 0.03 |a.
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Figure 16. SV5 nucleocapsids released from MK cells by osmotic
shock and fixed with glutaraldehyde prior to negative staining.
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Figure 17. Distribution of lengths of nucleocapsid released from
MK cells. Electron micrographs were taken and all tightly
coiled pieces were measured.
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Purification of nucleocapsid.

Equilibrium centrifugation in cesiiim chloride

has greatly facilitated the concentration and purification of SV5 nucleocapsid.

Figure 18 shows a membrane-like band obtained by centrifugation of

a distilled water extract of Infected MK cells. Electron microscopic examination -indicated that the band consisted of nucleocapsid with well-preserved
structure; typical fields are shown in Figures 19 and 20, No contaminating
cellular material or intact virions were found,

Nucleocapsid banded once in

cesium chloride showed a length distribution similar to that observed immediately after release from cells, as in Figure 17,
The complete procedure employed for purification of nucleocapsid was
as follows (Figure 21),

Distilled water extracts of Infected cells, pre-

pared as described above, were cleared of cellular debris by centrifugation
at 6500 g for 15 minutes at 4*^ C,

Centrifugation was then carried out in a

CsCl gradient which was preformed by successive layers of 2,5 ml of 40%
(w/w) CsCl, 5 ml of 30% CsCl, and 4 ral of 25% CsCl in deionized distilled
water. Cell extract (20 ml) was layered over this gradient to fill the tube,
and it was spun for 3 hours at 24,000 rpm in a Spinco SW 25.1 rotor. A band
of nucleocapsid formed in the "30% CsCl region, whereas most of the contaminating material did not sediment through the 25% CsCl layer.

The nucleocapsid

band was collected, diluted to 5ralwith 30% CsCl, and recentrifuged to
equilibrium as described in Figure 18, The resulting band was collected and
again diluted with 30% CsCl and centrifuged a third time by the same
procedure.
To demonstrate that the purified nucleocapsid was free of contamination
by cellular RNA and protein, distilled water extracts from infested cells
were mixed with extracts from uninfected cells grown in the presence of
14
"^
C-algal protein hydrolysate or "'H-uridine, and carried through the purification procedure. Radioactivity in the nucleocapsid preparation thus
served as an index of contamination.

The optical density and radioactivity

of fractions from a gradient are shown in Figure 22; in this experiment,
H-labelled cellular RNA was no longer present after the second CsCl centrifugation. Experiments were carried out with both MK and BHK21-F cells, and
in each case the purification procedure involving three bandings in CsCl
was found sufficient to remove the labelled cellular RNA and protein from
the nucleocapsid, Indicating that the contamination of nucleocapsid with
cellular RNA and protein was < 0,02% and <0.15% respectively.

Figure 18, A single, membrane-like band of nucleocapsid (arrow),
observed after equilibrium centrifugation in CsCl,
The band is sharp but with wavy contours, which give
the appearance of separate lines in some parts of the
photograph.

Distilled water extracts were clarified

at 1500 g for 10 minutes. Cesium chloride (2,0 gm)
was added to the supernatant (4,5 ml), and the solution centrifuged at 36,000 rpm for 12 hours in a
Spinco SW 39 rotor. Residual cellular debris is seen
at the top of the tube.
Figure 19-20.

Negatively stained, unfixed nucleocapsids obtained

frora a CsCl gradient. A drop from the gradient fraction which contained the band was diluted about tenfold with water, applied to a grid, and stained with
sodium phosphotungstate.

The nucleocapsids are

tightly coiled, andraostmeasure about 1 |i In length.
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Figure 2 1 .

Diagram of the procedure used to purify SV5 nucleocapsid.
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Figure 22. Absence of cellular RNA in nucleocapsid purified from BHK21
cells by CsCl gradient centrifugation. Prior to purification, an
3
extract of uninfected, H-uridine-labelled BHK21-F cells, containing
630 |ig of RNA with a specific activity of 2500 cpm/jig, was mixed
with infected cell extract, and carried through the first two CsCl
gradients of the purification procedure described in the text.
Fractions were collected from below, and radioactivity was determined on 20 |il dissolved in 10 ml of Liquifluor scintillation fluid
(Pilot Chemicals, Inc.) in toluene-methanol (1:1).
was measured on 300 \il diluted to 1 ml with water.
calculated from refractive index measurements.

Optical density
Density was
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A sirailar technique was used to rule out contamination by lipids,
1^'^C-linoleic acid bound to albumin was added to BHK21-F cells at the time
of Infection, and the cells were disrupted after 19 hours. The crude extract contained 12,500 |ig lipid with a specific activity of 58 cpm/|ig.
14
Thin-layer chromatography confirmed that
C had been incorporated into
phospholipid and neutral fat, and indicated that < 5% of the label
remained in free fatty acid.

The purification of nucleocapsid removed all

'the radioactivity, indicating not only the absence of contamination with
cellular lipids, but also that lipid is not an integral part of the nucleocapsid.
These results demonstrate the purity of the nucleocapsid with regard
to contaraination by cellular materials.

In addition, immune serum prepared

against nucleocapsid had no neutralizing or hemagglutination-inhibiting
activity when tested against intact SV5 virions (Table 4), indicating the
absence of SV5 envelope antigens in the purified nucleocapsid preparations.
The above procedure was therefore employed to prepare purified nucleocapsid for the analyses described below.

Yields of 1-2 mg of purified
9
nucleocapsid were obtained from approximately 10 BHK21-F cells or
4 X 10^ MK cells.
Properties of SV5 nucleocapsid;
(a) Chemical composition.

Purified nucleocapsid preparations, con-

sisting of 1-2 rag, were dialyzed against 0.02 M Tris-HCl, pH 7,2, and
analyzed for RNA, DNA, protein, and hexose-containing carbohydrate. Only
RNA and protein were present in detectable amounts, and the analyses of
six different preparations are listed in Table 5,

The mean per cent RNA

was found to be 4,1, with a range of 3.7-4,4.
The ultraviolet absorption spectrum of a sample of purified nucleocapsid (Figure 23) shows a miniraum at approxiraately 250 mji and a broad
maximum around 265 m|i.

This resembles the absorption spectrum of tobacco

mosaic virus (TMV) (Bonhoeffer and Schachman, 1960).

The content of

nucleic acid and protein was also estimated spectrophotometrically
(Warburg and Christian, 1941).

To dissociate the material and minimize

light scattering, samples were treated with 0,5% sodium dodecyl sulfate
(SDS) prior to measuring the optical density (Bonhoeffer and Schachman,
1960),

The average 280/260 ratio obtained from three preparations was 0,90.
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TABLE 4
Failure of SV5 Nucleocapsid to Elicit Hemagglutination-inhibiting
or Neutralizing Antibodies

Serum

Hemagglutinationinhibition titer *

Neutralization
serum dilution
PFU/plate

Rabbit 1072, norraal

< 24

1:20

99 , 90

Rabbit 1072, immunized
with SV5 nucleocapsid

< 24

1;20

109 , 92

Rabbit 1073, normal

< 24

1:20

85 , 91

Rabbit 1073, iraraunized
with SV5 nucleocapsid

< 24

1:20

86 , 85

Rabbit 959, iraraunized
with SV5 virions

6144

1:12,800

0 „0 ,0

Two-fold serial dilutions of potassium periodate-treated sera were made
in BS to give 0,3 ml final volume, after which 0.3 ml SV5 (4 HAU) and
0,6 ml of 0.36% chicken erythrocytes were added. Results were recorded
after 90 minutes at 4° C.
virus, diluted sufficiently to produce approximately 100 plaques
per plate, was incubated for 15 minutes at 25° C in the serum concen=
tratlon indicated prior to inoculation for plaque assay.
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TABLE 5
Chemical Composition of SV5 Nucleocapsid

Preparation

Source,
cells

1

BHK21-F

RNA*
Protein*
(|ig/ml of sample)

36

952

% RNA

3.7

2 BHK21-F 19 474 3.9
3 BHK21-F 41 912 4.3
4 MK 29 708 3.9
5 MK 28 652 4.1
6 MK 27 592 4.4
Mean 4.1

*
Mean value of two separate determinations on each preparation of
nucleocapsid.

49

0.4 -

0.3
(/)
c

O
•.;: 0.2
O

0.1

240

260

280

300

320

Wavelength (m/i.)

Figure 23.

Ultraviolet absorption spectrum of purified SV5

nucleocapsid, determined in a Zeiss FMQ II spectrophotometer.
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corresponding to a nucleic acid content of 4.6%, which is similar to the
chemically determined value. Without SDS treatment, light scattering
caused 280/260 ratios as low as 0.79, which would erroneously suggest an
RNA content of 6,8%.
(b) Density in cesium chloride.

The buoyant density of SV5 nucleo-

capsid was determined by equilibrium centrifugation in CsCl in the Spinco
model E analytical ultracentrifuge.

A single peak was obtained (Figure 24).

A value of 1.297 i 0.002 was calculated for the buoyant density, based on
the results of four experiments.
During the purification in CsCl gradients, two closely adjacent bands
were observed in some experiments, particularly when large amounts of
nucleocapsid were present.

These consisted of a lower, membrane-like band

and an upper, more diffuse band.

The relative sizes of these bands varied,

and usually the membrane-like band disappeared by the final gradient. Both
bands consisted of SV5 nucleocapsid, and no morphological differences were
detected in the electron microscope.

The lower band, after collection,

contained macroscopic clumps, and the spectrum of this material indicated
a high degree of light scattering, as shown by the optical density at
300 m|i. The upper band contained no visible cluraps and showed much less
light scattering.

After treatment with 0.5% SDS, the two bands had

similar ultraviolet absorption spectra.

These results suggest that the

nucleocapsid in the two bands is similar in composition and differs only
in extent of aggregation.
(c) Sedimentation in sucrose gradients.

The sedimentation coefficient

of SV5 nucleocapsid was estimated by sedimentation of 3H=-uridine labelled
nucleocapsid on sucrose density gradients.

In some preparations, sedi-

mented immediately after removal of CsCl by dialysis, a single broad band
was observed (Figure 25A).

The radioactivity in this peak was completely

resistant to digestion by pancreatic ribonuclease, in agreement with the
lack of effect of this enzyme on nucleocapsid morphology described below.
The sedimentation coefficient of the nucleocapsid in this band, estimated
by comparison with poliovirus, was approximately 300 S.
Many preparations of nucleocapsid sedimented heterogeneously and much
more rapidly than the illustrated 300 S peak, with most of the radioactivity
at the bottom of the tube.

It seems likely, in view of the tendency of
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Figure 24, A Joyce-Loebl densitometer trace showing a single
peak in the ultraviolet absorption profile after equilibrium sedimentation of SV5 nucleocapsid in the Spinco
model E ultracentrifuge. A solution of CsCl (density =
1.2871) in 0.01 M Tris-HCl, 0.001 M EDTA, 0.05 M NaCl,
pH 7.4, containing approximately 50 |ig/ml of purified
nucleocapsid, was centrifuged at 44,000 rpm.
were taken after 18 hours.

Photographs
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Figure 25. Sedimentation of SV5 nucleocapsid on sucrose density
gradients.

H-uridine-labelled nucleocapsid was grown in

BHK21 cells, purified in CsCl gradients, and dialyzed vs.
0.02 M Tris HCl, pH 7.4. A. 100 |j.l was layered over a gradient of 5-20% sucrose in TEN.

B, 100 \xl of nucleocapsid was

mixed with 10 |j.l of 10% SDS and layered over a 5-20% gradient
of sucrose in TEN and 0.5% SDS. Gradients were centrifuged
for 30 minutes at 30,000 rpm, 4° C, in a Spinco SW39 rotor.
Fractions were collected, 10 \ig bovine serum albumin was
added as carrier, and 2 ml 10% trichloracetic acid added for
precipitation.

The precipitates were collected on millipore

filters (0.45 |ji), dried, and counted in 10 ml Liquifluor
scintillation fluid in toluene.
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the nucleocapsid to aggregate in visible clumps, that such rapidly sedimenting material represents aggregates. Aggregation of Newcastle disease
virus nucleocapsid has also been observed in sucrose gradients (D„ W,
Kingsbury, personal communication).
The addition of 1% SDS to the sucrose gradient caused a striking reduction in the sedimentation velocity of incorporated
25B).

H-uridine (Figure

As described in the following section, SDS treatment appears to

dissociate SV5 RNA from nucleocapsid protein, and it is possible to
isolate RNA by prolonged centrifugation in a similar gradient.
Effect of enzymes on SV5 nucleocapsid.

Incubation of SV5 nucleocapsid with

ribonuclease (500 |ig/ml in PBS) for 30rainutescaused no detectable structural change.

Trypsin, chymotrypsin, and deoxyribonuclease also caused no

detectable change, Pronase (Streptomyces griseus protease) produced marked
uncoiling within 30 minutes, and complete disintegration ofrauchof the
recognizable structure by 60 rainutes.
Length of the nucleocapsid of Newcastle disease virus.

The success in

isolating well-preserved SV5 nucleocapsid by subjecting infected cells to
osmotic shock suggested that this methodraightbe generally applicable to
nucleocapsids of rayxoviruses. The nucleocapsid of Newcastle disease virus
(NDV) was examined (Compans and Choppin, 1967b) in order to determine
whether other subgroup II myxovirus nucleocapsids have a unit length similar
to that observed with SY5.

The length of NDV nucleocapsid was of particular

interest because an estiraate had beenraadeof the size of the viral genome
(Duesberg and Robinson, 1965).• MK cells were Infected with NDV at a multiplicity of 75 PFU/cell, and after 2-3 days cells were harvested and suspended in distilled water as described above.

The resulting extracts were

fixed with 1% glutaraldehyde, and examined in the electron microscope after
negative staining.
The cell extracts contained long, tightly coiled pieces of nucleocapsid
(Figures 26-29).

Theraajoritywere distributed over the grid surface singly

or in small groups. Occasionally, however, large masses of Intertwining
strands were encountered (Figure 27).

Such extracellular masses probably

result from the release by osmotic shock of the large cytoplasmic aggregates
of nucleocapsid seen in sections of cells, which represent the eosinophilic
inclusions typical of this subgroup of myxoviruses. A small number ( < 1%)

Figures 26-29.

NDV nucleocapsids released from infected MK cells
by osmotic shock.

Figure 26. Tightly coiled pieces of nucleocapsid typical of those used
to determine the distribution of lengths.
Figure 27, Portion of a large aggregate of nucleocapsid which probably
represents an inclusion after release from cells.
Figure 28, Circular and linear forms of nucleocapsid, both measuring
approximately 1 |j. in length.
Figure 29. An apparent closed circle with a contour length of 1.07 |i.
Circular forms are thought to arise from end-to-end
aggregation of linear nucleocapsid.
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Length distribution of NDV nucleocapsid.
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of the nucleocapsids appear to have a closed, circular conformation
(Figures 28 and 29).

It is noteworthy that of six apparent circles, five

consisted of approximately the same length of nucleocapsid, 1.0-1.1 |i.
The length distribution of NDV nucleocapsid was determined by photographing regions of the grid at random, and measuring the lengths of all
tightly coiled pieces of nucleocapsid.

The cumulative result obtained

from three different samples of infected cells shows a single, sharp peak
centered between 1.0 and 1,1 |j, (Figure 30), which is very similar to the
result with SV5. The mean length of the nucleocapsids falling within this
interval was 1,06 |j..

Of the remaining nucleocapsids a large majority were

short, presumably broken, pieces. A few longer pieces were present, and
several had lengths of approximately 2 |i.

Discussion

These results demonstrate that it is possible to obtain purified
nucleocapsids in milligram quantities from cells infected with a myxovirus.
This has enabled determination of its length and RNA and protein content,
and should facilitate further studies on the structure and chemistry of
SV5 RNA and nucleocapsid protein.
The observed length distributions of SV5 and NDV nucleocapsid suggest
that a 1.0-1.1 p, length of nucleocapsid contains one viral genome. Because
of the size and sharpness of the peaks around 1 |i, the relatively few pieces
with lengths around 2 |i, and the striking paucity of pieces between 1 and
2 |i, it appears unlikely that the true length is 2 |i and the 1 \i pieces are
due to a single break in the center of almost all the pieces.

In addition,

there is no peak around 0.5 |i, which might be expected if breaking into
halves and quarters were occurring.

It therefore seems likely that the

occasional 2 |j,, and the rare 3- or 4 p, pieces, result from end-^-to-end
aggregation, as has been observed with TMV (Francki, 1966).
are also compatible with a length of '"^ 1 |j,.

Other data

Filamentous SV5 virions often

contain nucleocapsid packed in a regular spiral, so that its length can be
estimated, e,g., about 8 |i of nucleocapsid in a filament /^1,3 \i long.
Since the smaller SV5 virions are commonly 120-180 mji in longest dimension,
a 1 |a length of nucleocapsid seems reasonable for these particles. In
addition, Hosaka and co-workers (1966) estimated the amount of nucleocapsid
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within negatively stained HVJ, a parainfluenza 1 virus, and concluded that
sraaller virions contained a total length of nucleocapsid of 1.0 fi, and
larger virions containedraultiplesof this up to 20 |i. Measurements have
also been made on isolated HVJ nucleocapsid, and a length of about 1 jj, has
been observed (Hosaka et al., 1966; A. J. Gibbs, personal communication).
On the basis ofraeasureraentson 3 different members of the NDV-mumpsparainf luenza subgroup of myxoviruses, it now seems likely that a />-^ 1 |i unit
length may apply to all merabers of this subgroup.

The larger virions of

this subgroup probably containraultiplesof the 1 [x unit length, and therefore more than one genome.
Since > 99% of the observed NDV nucleocapsids were linear, it appears
that this is the usual forra, rather than a closed circle. End-to-end
aggregation, which presuraably gives rise to long pieces of nucleocapsid,
could join the two ends of a linear nucleocapsid to produce a circle of
the type seen here.
The structural similarities between SV5 nucleocapsid and TMV have been
discussed previously.

The present finding of an RNA content of 4,1% in SV5

nucleocapsid is somewhat less than the 5,1% RNA content of IMV (Knight and
Woody, 1958); however, the methods used in the present study are dependent
on the content of aromatic amino acids in the nucleocapsid protein, which
is presently unknown.

It is possible that the exact RNA content of SV5

nucleocapsid resembles that of TMV even more closely.
The 4,1% RNA content of SV5 nucleocapsid differs markedly frora the
spectrophotoraetrically estimated value of about 10% in the nucleocapsid of
Newcastle disease virus (Rott, 1964),

It is closer to the earlier chemical

estimate of 5,7% RNA for NDV (Schafer and Rott, 1959); however, this report
also included an estimate of 9.6% for mumps nucleocapsid.

Because of the

structural similarities of the subgroup II myxoviruses, it seems likely
that these discrepancies are due to differences in the purification
procedures employed.

Since the determinations on NDV and mumps nucleocapsid

were performed on material purified by differential centrifugation, it is
possible that some cellular ribonucleoprotein may have been present.

In

addition, repeated pelleting and resuspension might cause partial disruption
of the nucleocapsid with loss of some protein subunits.

It is possible that

light scattering also affected the spectrophotometric estimation of the RNA
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content. Any of these possible sources of error would cause the estimate
of the RNA content to be higher than the correct value.

Recently Kingsbury

(personal comraunication) has purified NDV nucleocapsid by velocity sedimentation on sucrose gradients, and estimated its RNA content to be 4.6%,
which is in good agreement with the value obtained for SV5 nucleocapsid in
the present study.

IV,

ISOLATION AND PROPERTIES OF SV5 RNA
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Although intact, infective RNA raolecules have been extracted frora a
variety of aniraal viruses (Schaffer and Schwerdt, 1965), attempts to extract intact RNA from m37Xoviruses were not successful until recently.
As discussed previously, early estimates of the size of myxovirus RNA's
were based on the RNA content of an average virus particle, and values of
2-3 X 10

daltons were obtained (Ada, 1957; Rott, 1962),

These values

were uncertain because of the possibility of impurities in virus preparations, and because of the heterogeneity in the size of myxovirus particles.
Many attempts have been raade to isolaterayxovirusRNA in an infectious form
(Ada et al,, 1959; Portocala et al., 1959; Sokol and Szurman, 1959;
Maasaab, 1959; 1963), but the results are contradictory, and the sizes
of the extracted RNA*s were usually not determined.
Because of the structural similarities between SV5 nucleocapsid and
tobacco mosaic virus, and the finding of intact pieces of nucleocapsid
0.9-2 \i in length, it was suggested (Choppin and Stoeckenius, 1964b) that
SV5 and structurally similar viruses might contain RNA of molecular weight
several times the 2 x 10° daltons that IMV contains in its 0.3 pi length.
The studies reported here describe the Isolation of a rapidly sedimenting
RNA from SV5 virions or purified SV5 nucleocapsid, and the determination
of its base composition and sedimentation coefficient.
While the present studies of SV5 were in progress, several investigators reported the isolation of RNA with a. high sedimentation coefficient
from Newcastle disease virus (Adams, 1965; Sokol et al., 1966; Duesberg
and Robinson, 1965; Kingsbury, 1966a).

The homogeneity and sedimentation

behavior of the isolated NDV RNA suggests that it is the intact genome.
The RNA obtained from SV5 in the present study has a sedimentation coefficient similar to that reported for NDV RNA,

Materials and Methods
The growth of SV5 in MK cells and purification of SV5 nucleocapsid
in cesiura chloride gradients were carried out as described above.
Hemagglutination assay. After an initial 100-fold dilution, serial 2-fold
dilutions of gradient fractions were made in BS.

To 0.5 ml of each dilution

was added 0.5 ral of a 0.36% suspension of chicken erythrocytes in BS.
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Assays were read after 90 minutes at 4° C, and the endpoint considered to be
the dilution showing complete agglutination of erythrocytes.
Chemicals and isotopes.

Potassium tartrate was obtained from J. T. Baker
32
Chemical Co., Phillipsburg, N. J.;
P-phosphoric acid from New England
14
Nuclear Corp., Boston, Mass.; and
C-amino acid mixture from Nuclear Chicago,
14
Des Plaines, 111,
C-thymidine-labelled adenovirus type 12 DNA was kindly
supplied by Dr. Walter Doerfler, who has determined its sedimentation
coefficient to be 29 S.
3
32
Radioactive labelling.
H-uridine and
P-phosphate were added to growth
medium at a concentration of 20 |j,c/ml. •^'*C-amino acids were added at a
concentration of 2 |j.c/ml.

Results
Purification of SV5 virions. Precipitation with ammonium sulfate, followed
by equilibrium zonal centrifugation in a preformed potassium tartrate
gradient (McCrea et al., 1961) was found to be a rapid method for concentrating and purifying SV5 virus with good recovery of infective virus
(Figure 31).

The virus forms a sharp, visible band at a density of 1,22-1,23,

which is similar to the buoyant density reported for Newcastle disease virus
(Stenback and Durand, 1963).

When virus is doubly labelled with

C-amino

acids and ^H-uridine, the bulk of the radioactivity in the gradient coincides
with the peak of virus, and is well separated from the remaining radioactivity.
More than 90% of the initial infectivity was recovered in representative
experiments. Although the illustrated gradient was centrifuged for 19 hours,
a centrifugation time of 3 hours is sufficient for the virus to reach equilibrium, and was routinely used to prepare virus in the experiments which follow,
Isolation of SV5 RNA. Theraarkedreduction in sediraentation velocity of the
3
H-uridine label in SV5 nucleocapsid by SDS was described in the previous
section. In view of the ability of this detergent to dissociate NDV nucleic
acid frora protein (Kingsbury, 1966a) it seemed likely that prolonged centrifugation of SDS-treated virus or nucleocapsid on a sucrose gradient might
separate SV5 nucleic acid frora viral protein.

Such centrifugation of °^H=

uridine-labelled purified SV5 virus is illustrated in Figure 32A, Most of the
H-uridine is found in a single, rapidly sediraenting peak, A variable amount
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Figure 31. Purification of SV5 in a potassium tartrate gradient.
Tissue culture fluid from SV5-infected MK cells, containing
I'^C-amino acids and ^H-uridine, was centrifuged at 2000 g
for 15 minutes to remove debris, and an equal volume of
saturated ammonium sulfate was added with stirring.

The

mixture was stirred at 4 C for 30 minutes, and the precipitated virus pelleted by centrifugation at 2000 g for 20
minutes.

The precipitate was dissolved in TEN, layered over

a 24 ml linear gradient of potassium tartrate, 18-40% in TEN,
and centrifuged 19 hours at 24,000 rpm, 4° C, in a Spinco SW
25.1 rotor. A heavy white band was visible near the center
of the tube, and was collected in fractions 15 and 16.
Density was determined by pycnometry.
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Figure 32. Sedimentation of SDS-treated SV5 virions in sucrose
density gradients. After purification in a potassium tartrate
gradient, virus was dialyzed vs. Eagle's mediiim.

Samples of

200 |il were mixed with 10% SDS (50 jil) , warmed to 60° C for
1 minute, and layered over sucrose gradients. A. *^H-uridine14
labelled RNA. B.
C-amino acid-labelled protein. Gradients
were centrifuged for 150 minutes at 35,000 rpm, 20*^ C, in a
Spinco SW50 rotor, fractions collected, and radioactivity
determined as described above.
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of RNA label in such gradients remains at the top of the tube, and presumably represents degraded material.

In order to determine whether the rapidly

sedimenting RNA peak was free of viral protein, a sample of virus labelled
14
with
C-amino acids was centrifuged on an identical gradient in an adjacent
tube (Figure 32B). The protein label remained entirely at the top of the
gradient, indicating that the rapidly sedimenting RNA had been separated frora
protein by the centrifugation procedure.
Additional evidence of the purity of the rapidly sedimenting RNA was
obtained by determining its ultraviolet absorption spectrum.

Amounts suffi-

cient to determine the spectrum were obtained by SDS treatment of 1-2 mg of
purified nucleocapsid, followed by centrifugation on a 30 ml gradient of
5-20% sucrose for 6J hours at 24,000 rpm in a Spinco SW 25.1 rotor. The
ultraviolet absorption profile resembled that shown in Figure 34, with a
rapidly sedimenting peak in the lower half of the gradient.
tions were corabined and precipitated with 67% alcohol.

The peak frac-

The ultraviolet

absorption spectrum of the redissolved material was characteristic of pure
nucleic acid (Figure 33), with ratios of 260/280 =2.08 and 260/230 - 2.15.
Sediraentation coefficient of SV5 RNA.

The sediraentation coefficient was

estiraated by the procedure of Martin and Ames (1961), comparing the optical
density profile from SDS-treated nucleocapsid to the radioactivity peak of
C-labelled adenovirus type 12 DNA used as a marker (Figure 34).

The

optical density at the top of such a gradient is due largely to nucleocapsid
protein.

Gradients were run in 0,05 M NaCl, and in five experiments the

sedimentation coefficient of SV5 RNA averaged 50 ± 2 S. A similar value was
obtained in 0.1 M NaCl.

When gradients were prepared in 0.001 M EDTA,

a value of approximately 40 S was obtained.
Ribonuclease sensitivity of SV5 RNA. As shown in Figure 35, all of the
rapidly sedimenting RNA became acid soluble by treatment with 1 |ig/ml of
ribonuclease.

The sraall araount of acid precipitable radioactivity remaining

in the top gradient fractions is probably due to inhibition of ribonuclease
by the SDS contained in these fractions.
Comparison of RNA's from virions and purified nucleocapsid.

In order to

demonstrate that purified SV5 nucleocapsid contained the same species of RNA
as that contained in virions, nucleocapsid and virus labelled with %-urldine
were treated with SDS and sedimented in identical gradients in the same rotor.
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Figure 33. Ultraviolet absorption spectrum of SV5 RNA, determined
in a Zeiss PMQ II spectrophotometer.
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Figure 34.

Estimation of the sedimentation coefficient of SV5 RNA.

Approximately 200 |j,g of purified SV5 nucleocapsid was mixed
14
with 1/10 volume of 10% SDS and 3 ^l of
C-thymidine-labelled
adenovirus type 12 DNA. The resulting mixture (250 (j.1) was
layered over a sucrose gradient and centrifuged as described
for Figure 32.

Fractions of 0.17 ml were collected, and

optical densities read in a microcuvette.

The sedimentation

coefficient of the rapidly sedimenting RNA was estimated by
comparing the distance it had sedimented to the distance
traveled by the radioactivity peak, assuming sedimentation
initiated at the midpoint of the sample layer.
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Figure 35. Ribonuclease sensitivity of SV5 RNA. Nucleocapsid
32
labelled with
PO^ was treated with SDS and centrifuged as
described for Figure 32. Fractions were collected, and
radioactivity determined directly (o—o) or after 20-minute
incubation at room temperature with 1 |j,g/ml of ribonuclease
in PBS, followed by addition of carrier yeast RNA and acid
precipitation as described for Figure 25 (•—•).
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Figure 36. Comparison of RNA from SDS-treated SV5 virus and SV5
nucleocapsid. Samples were treated with SDS and centrifuged
in sucrose gradients as described for Figure 32.
3
A. RNA from H-uridine-labelled virus.
3
B. RNA from H-uridine-labelled nucleocapsid.
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TABLE 6
Base Coraposition of SV5 RNA*

Mole %
Source of RNA

Virus

C

A

G

U

20,1

27.8

21.1

30.8

Nucleocapsid 20.8 27.9 21.4 29.9

Means of 5 determinations on RNA from virus and 4 on RNA from
nucleocapsid.
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As shown in Figure 36, most of the RNA label released frora SV5 nucleocapsid
by SDS treatment sediments as a single peak in the 50 S position, which is
indistinguishable in sedimentation velocity from the RNA released from
virions.
Base coraposition of SV5 RNA.

The base composition of SV5 RNA was determined
32
using RNA extracted from virus or nucleocapsid grown in the presence of
Pphosphate. The rapidly sedimenting RNA peak was identified by counting small
aliquots of sucrose gradient fractions, and the remainder was precipitated
twice with alcohol after the addition of carrier yeast RNA.

After hydrolysis

in 0.3 N KOH, the nucleotides were separated by high voltage electrophoresis
(Ingram and Sjoquist, 1963), and their radioactivity determined.
composition in listed in Table 6.

The base

Samples of RNA were obtained from nucleo-

capsid and frora virus particles, and no significant differences in base coraposition were detected between the two sources.

The base composition of

SV5 RNA is similar to that of other myxoviruses (Schaffer and Schwerdt,
1965; Duesberg and Robinson, 1965; Kingsbury, 1966a) in that a high proportion of uracil is present.
Discussion

The present results indicate that a single RNA component with a high
sedimentation coefficient is released from SV5 virions or nucleocapsid by
treatment with sodium dodecyl sulfate.

The ribonculease sensitivity,

nucleotide composition and sedimentation behavior of this RNA indicate that
it is single-stranded.

An empirical relationship has been.proposed by

Spirin (1963) for estiraating the molecular weights of single-stranded RNA's
from their sedimentation coefficients in 0,1 M NaCls
M = 1550 (Son )^°'^
20, w
Using this relationship, a value of approximately 6 x 10^ daltons would be
obtained for a 50 S RNA molecule. However, this relationship was derived
from data on tobacco mosaic virus RNA, and raay not accurately apply to
other RNA molecules.

Further studies are therefore necessary to determine

the exact value for the molecular weight of SV5 RNA.
The above molecular weight estimate is in general agreement with estimates that can beraadefor the RNA content of a 1 ji length of nucleocapsid,
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which is presumed to contain one SV5 genome.

If the value 1.3 is used as an

approximation of the density of the nucleocapsid, and the RNA content is calculated on the basis of density, volume, and chemical composition, a value of
6.8 X 10^ daltons is obtained for the amount in a 1.02 |i length. A similar
value of 6,7 x 10^ daltons is obtained on the basis of the ratio of the 1,02 ^l
length of SV5 nucleocapsid to the 0.3 |i length of TMV, which contains RNA
with a molecular weight of 2 x 10 , The similarity of these values to the
estimated molecular weight of the 50 S RNA extracted from SV5 supports the
conclusion that ^^1 |j, is the unit length of SV5 nucleocapsid.

In addition,

the fact that RNA's which are indistinguishable in sedimentation behavior
can be isolated from virus and from purified nucleocapsid supports the conclusion that purified nucleocapsid contains the intact genome.
The sedimentation coefficient of 50 S obtained for SV5 RNA in the present
study is the same as that deterrained for NDV RNA by Kingsbury (1966a) in the
sarae buffer, Duesberg and Robinson (1965) have obtained a value of 57 S for
NDV RNA, and based on this they have estimated its molecular weight to be
7.4 X 10

daltons. The results described in the previous section indicated

that a unit length of /^ 1 |j, may apply to the nucleocapsids of all the subgroup II myxoviruses.

The results of studies on SV5 and NDV now suggest that

a value of 6-7 x 10^ daltons may be the size of the RNA genome of this subgroup of viruses.
Final pro6f that the 50 S RNA represents the entire SV5 genome must
probably await demonstration of the infectivity of this RNA, and preliminary
attempts to do this have not been successful. However, all of the viral RNA's
which have clearly been demonstrated to be infective have a much lower
molecular weight, i.e., -'^2 x 10 , than that estimated for SV5 RNA, Therefore, it is not unreasonable that the conditions which have been used to
demonstrate infectivity of other viral RNA's may not be successful with
these larger RNA's,

V,

GENERAL DISCUSSION AND CONCLUSIONS
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The Structure of Myxoviruses
The results of the present studies on the structure of SV5 virus
(Compans et al., 1966; Compans and Choppin, 1967a), together with other
recent studies of subgroup II myxoviruses (Choppin and Stoeckenius, 1964b;
Hosaka et al., 1966; Duesberg and Robinson, 1965; Kingsbury, 1966a;
Compans and Choppin, 1967b), appear to establish a consistent picture of
the structure of these viruses, which is summarized in Figure 37. Their
geneticraaterialconsists of a single-stranded RNA with a sediraentation
coefficient of 50-57 S, which is compatible with a molecular weight in the
range of 6-7 x 10

daltons.

This RNA is contained within the single-

stranded helical nucleocapsid, and it appears likely that a length of'^^ 1 ji
of nucleocapsid contains one viral genome.

The nucleocapsid is enclosed

within the viral envelope, which consists of a 70 A unit membrane with
spikes on its outer surface.

The envelope possesses the viral lipid,

neuraminidase, hemagglutinin, and the viral coraponent responsible for
inducing cell fusion.

The virions raay be approximately spherical or

filamentous particles, the latter probably containing multiple unit lengths
of nucleocapsid and therefore multiple genomes.
Among the undetermined features of the structure of subgroup II myxoviruses is the arrangement of proteins in the viral envelope.

It has been

proposed that influenza virus spikes represent hemagglutinin only, and that
neuraminidase lies between the spikes (Noll et al., 1962; Drzenieck, 1966),
but there is little evidence to support this hypothesis.

Neither the

chemical nature of the component responsible for cell fusion nor its location in the virion has been determined.

The size of the protein subunits

in the nucleocapsid and the arrangement of RNA within them have yet to be
clearly established.

The most likely arrangement would appear to be one in

which the RNA strand is itself wound helically within a series of subunits
to form the strand of the nucleocapsid.

Such an arrangement has been deter-

mined for IMV by X-ray diffraction (Caspar, 1963) and attempts to carry out
such studies on SV5 nucleocapsid have now been initiated.
exact size of the viral RNA remains to be established.

Finally, the

Light scattering

measurements or electron microscopic determination of its length may be
means by which this can be accomplished.
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Envelope:
7 0 A unit membrane
100A spikes
•Nucleocapsid:
single helix
18 m ^ X \ /JL

4.17o RNA
'Genome: 50 S RNA

Figure 37.

Diagram of the structural components of a parainfluenza virus.
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The nucleocapsid of SV5 is a relatively stable structure, whereas
infectivity of the virus is extremely labile (Choppin, 1964),

The nucleo-

capsid is able to withstand centrifugation at high gravitational forces,
and is resistant to digestion by some proteolytic enzyraes. It therefore
appears to serve as an efficient protective coat for the viral nucleic acid.
It has not been possible to infect cells with purified nucleocapsid under
conditions where intact virus is infective, probably because of an inability
of the nucleocapsid to adsorb and penetrate into susceptible cells. The
viral envelope provides an efficient mechanism of attachment and penetration,
and may not add stability to the virion itself.

The lability of viral in-

fectivity is probably due to the fragility of the viral envelope, rather
than instability of the nucleocapsid or nucleic acid itself.
The studies carried out to date indicate that the subgroup II myxo-viruses are very similar in the dimensions of their structural components.
Further studies would be of interest to determine the extent to which their
nucleic, acids possess similar nucleotide sequences, and their proteins,
similar sequences of amino acids. The availability of the simple method
for purifying the nucleocapsids of these viruses developed in the present
studies should facilitate such further investigations, as well as the
determination of the exact immunological relationships among these viruses.
The purification of viral nucleocapsid from infected cells in cesium
chloride gradients'has been of value in studies of the structure and
classification of pneumonia virus of mice (Compans et al,, 1967), which
are described in the Appendix which follows.

The diameter of the helical

nucleocapsid of PVM is 120-150 A, which is different from that of either
of the established subgroups of rayxoviruses.
The methods which were useful in studies of the structure of the subgroup II myxoviruses have been less successful when applied to subgroup I.
RNA extracted from influenza virus particles has been isolated as relatively
small pieces with sedimentation coefficients of 16-20 S (Davies and Barry,
1966; Pons, 1967; Duesberg and Robinson, 1967), or as a 38 S component
(Agrawal and Bruening, 1966) which is thought to be an aggregate of sraaller
pieces (Pons, 1967; Duesberg and Robinson, 1967),

As discussed by the

above authors, it is possible that several small pieces of RNA serve as
genetic material, which may account for the high rate of genetic recombination
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and cross-reactivation observed with influenza virus, as suggested by
Burnet (1956) and Hirst (1962).

We have made attempts to isolate the

nucleocapsid of influenza virus by the procedures developed with SV5,
but only amorphous material was recovered.

The details of the structure

of this component are still unknown.
A sumraary of the known properties of helical nucleocapsids of animal
viruses is shown in Table 7.

On the basis of their diameter, the nucleo-

capsids can be segregated into three classes. Largely because of their
relative stability, the properties of nucleocapsids of subgroup II rasncoviruses (parainfluenza and NDV) have been determined in greatest detail.
Whereas the unknown features of influenza nucleocapsid are due to the
inability to isolate well-preserved material, the lack of information
about PVM nucleocapsid is a result of inability to obtain sufficient
amounts of this material for cheraical studies. All of the animal viruses
which have thus far clearly been shown to have helical nucleocapsids can
be consideredraerabersof the mjTxovirus group on the basis of their structure and raorphogenesis.
The Replication of SV5

Determination of the size and nature of the structural components of
SV5 is a necessary prerequisite for a study of the detailed mechanisms
involved in its replication.

The present studies were directed toward

characterization of SV5 RNA and nucleocapsid, as well as those aspects of
SV5 replication which may be visualized with the electron microscope.
These consist of the Initial stage as well as the final process of assembly
and release; the latter is likely to be the stage at which SV5 differs most
strikingly from the structurally simple viruses,
SV5 appears to enter cells by a process resembling phagocytosis, like
all other animal viruses which have been studied adequately (Dales, 1965b),
Because of the highraultiplicityof virus used to facilitate observations
in these experiraents, it may be argued that the observed particles were not
involved in the infectious process. However, alternative proposals for the
mechanism of myxovirus uptake, involving fusion of the viral envelope with
the cell membrane (Hoyle, 1954; Hoyle et al,, 1962) were not supported by
the present morphological studies.
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TABLE 7
Helical Nucleocapsids of Animal Viruses

Influenza*

Diaraeter

90 A

PVM

Parainfluenzal
NDV

120-150 A

180 A

Strands in helix ? 1 1
Unit length ? ? *^ 1 |i
RNA content ^ 57o + 4-5%
Molecular weight of RNA (?) multiple ? 6-7 x 10
pieces of
5-7 X 10^

RNA content of influenza nucleocapsid from Frisch-Niggeraeyer and Hoyle,
1956; molecular weight of influenza RNA from Davies and Barry, 1966,
and Pons, 1967,
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The replication of SV5 is not inhibited by Actinomycin D, which inhibits
DNA-dependent RNA synthesis (Reich et al,, 1961), although continued production of the virus is inhibited due to secondary effects of the drug on the
host cell (Choppin, 1965),

RNA synthesis induced by SV5 has been studied in

MK cells which were treated with Actinomycin to inhibit cellular RNA synthesis (Choppin and Holraes, 1967),

Virus-induced RNA synthesis is first detected

about 3 hours after inoculation, and during the exponential increase phase
precedes the appearance of infectious virus by 1^ to 2 hours. The raaxiraum
level of SV5-induced RNA synthesis is very low, amounting to less than 1%
of normal cellular RNA synthesis, despite the high yield of infectious virus.
The low level of SV5-induced RNA synthesis is in agreement with the
electron microscopic observation that the infected cells appear essentially
normal. Only small nurabers of SV5 nucleocapsids are observed in the cytoplasra, but high titers of SV5 are produced.

These observations iraply two

unusual features in the multiplication of SV5, which may be essential for
the moderate virus-cell interaction which results:

a) viral macromolecular

synthesis is held to a low level by sorae control mechanism;

b) viral com-

ponents are efficiently reraoved frora the cell by extrusion as mature virus
particles.

It is possible that a control mechanism which keeps RNA synthe-

sis at a low level is, in fact, the rapid enclosure of newly-synthesized RNA
in nucleocapsid protein, thus preventing buildup of a large pool of free
RNA available as template for RNA replication.

It is also possible that a

cellular protein may be involved in the control of SV5 RNA synthesis, since
inhibition of cellular protein synthesis by superinfection with poliovirus
appears to cause a stimulation of SV5 RNA synthesis (Choppin and Holmes,
1967).

Such stimulation is also caused by cycloheximide or puromycin.

An interesting problem in the assembly of SV5 nucleocapsid concerns the
mechanism by which nucleocapsid protein seems specifically to enclose viral
RNA, rather than some other RNA,

This is particularly true in view of

recent studies with Newcastle disease virus (Kingsbury, 1966b; 1967; Bratt
and Robinson, 1967) indicating thatraostof the virus-induced RNA in
infected cells will hybridize to that found inraaturevirus particles.
This RNA is presumed to be "minus strands" which are compleraents of the
"plus strands

found in virus particles.

Such minus strands are presumed

to be intermediates in the synthesis of new plus strands, but the reason for
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the large amounts in infected cells is not clear.

Since the rapidly-

sediraenting RNA in NDV virus particles appears to be homogeneous and does
not hybridize to itself, a mechanism presumably exists for the preferential
incorporation of plus strands into virions. Some possibleraechanisrasfor
preferential incorporation of plus strands include:

a) formation of a pool

of plus strands and capsid protein in a localized region of the cytoplasm;
b) immediate attachment of capsid proteins to those plus strands which
serve as messenger for their synthesis; c) specific initiation of formation
of nucleocapsid by preferential attachment of capsid protein to a certain
sequence of bases on the plus strand.

Mechanism (c) may be tested experi-

raentally if conditions for dissociation and

reconstitution of nucleocapsid

can be worked out. Whether the replication of SV5 resembles that of NDV
in production of large amounts of corapleraentary RNA has not been determined.
The final stage in the replication of SV5 intimately involves the cell
membrane.

The present electron microscopic observations are compatible

with the following hypothesis for the sequence of events in the maturation
process. Virus-specific envelope proteins become incorporated into regions
of the cell membrane, and perhaps confer an affinity for SV5 nucleocapsid
on these regions.

The nucleocapsid aligns closely under these regions, and

the proteins incorporated in the merabrane raay simultaneously rearrange or
polymerize to form morphologically identifiable surface projections.

The

presence of these abnormal, probably somewhat rigid components on both sides
of the cell membrane may provide the stimulus which induces the budding
process.
The organization of viral components at the cell membrane has been
determined more clearly with the subgroup IIrayxovirusesthan with other
aniraal viruses with helical nucleocapsids.

Results of investigations with

pneumonia virus of mice, described in the Appendix, indicate that the
morphogenesis of this virus occurs by a process very similar to that
observed for SV5, Cells infected with influenza virus have also been
exarained by the same techniques. As demonstrated in previous studies,
it was observed that the viral envelope is acquired during budding at the
cell membrane. The cellular unit membrane appears to be incorporated into
the viral envelope, as observed with other myxoviruses.

It has not been

possible to positively identify the nucleocapsid of influenza virus in
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thin sections, and further details of virus assembly were not observed.
However, it seems likely that the assembly of influenza virus occurs by
a process very sirailar to that observed with SV5 and PVM, All of these
viruses have been observed to mature only at the plasraaraerabrane,and in
all cases the result raay be a spherical or filamentous particle.

In the

case of influenza viruses, it has been found (Kilbourne, 1963) that the
proportion of filaments or spheres is a genetic trait of the virus.

APPENDIX
THE STRUCTURE AND MORPHOGENESIS OF PNEUMONIA VIRUS OF MICE
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Pneuraonia virus of raice (PVM) was first isolated as a latent virus from
apparently healthyraice,and induced a fatal pneuraonia after serial blind
passages (Horsfall and Hahn, 1939; 1940).

A high incidence of inapparent

PVM infection has been observed in laboratoryraousecolonies, and imraunologlcal evidence has been obtained of latent infection in numerous mammalian
species (Horsfall and Hahn, 1940; Tennant, 1966; Parker et al., 1966;
Horsfall and Curnen, 1946).

The multiplication of PVM is inhibited by

bacterial polysaccharides (Horsfall and McCarty, 1947), and infection of
mice with PVM has been successfully treated with the capsular polysaccharide
from Friedlander bacillus (Ginsberg and Horsfall, 1951).

This was the first

successful application of chemotherapy to a virus infection in an animal,
PVM has remained an unclassified virus, and its structure has not been
described, largely due to lack of a suitable cell culture system.

Recently,

the virus was successfully propagated in a line of baby hamster kidney cells,
and evidence was obtained that it is an RNA virus which replicates in the
cytoplasm (Harter and Choppin, 1967).

The propagation of PVM in cultured

cells has enabled an electron microscopic study of the structure and raorphogenesis of the virus.

The results of this investigation, described here,

indicate that theraorphologyand developraent of PVM are typical of the
ras^ovirus group (Compans et al,, 1967),
Materials and Methods
Virus and cells. PVM was propagated in BHK21 cells in a modified Eagle's
medium (Sturman and Tarara, 1966) with 10% calf serum, as described by Harter
and Choppin (1967).

BHK21 cells (MacPherson and Stoker, 1962) were grown

in modified Eagle's medium with 10% calf serum and 10% tryptose phosphate
broth.
Negative staining.

PVM grown in BHK21 cells was sedimented by centrifugation

for 3 hours at 19,600 g.

Pellets were held overnight at 4° C in approximate-

ly 0.2 ml of the residual supernatant and then resuspended in that volume.
A small drop was spread over a Formvar-coated grid with a heavy carbon film,
rinsed with phosphate-buffered saline (PBS), and fixed with a drop of 1%
glutaraldehyde in PBS. The grid was then rinsed with distilled water and
stained with 2% phosphotungstic acid, pH 6,2,
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Thin sections. Monolayers of cells were detached from Petri dishes by
scraping or treatment with 0.25% trypsin and 0.05% EDTA.

Cells were

centrifuged for 4 minutes at 200 g, and the pellet was fixed for 4 minutes
in 1% glutaraldehyde in PBS, and postfixed with 1% osmium tetroxide in BS.
In some experiments specimens were stained immediately after fixation with
0.5% uranyl acetate in veronal acetate buffer, pH 5, for 2 hours (Farquhar
and Palade, 1965).

The cell pellets were dehydrated in a series of

alcohols and embedded in epoxy resin.

Thin sections were stained by a

1 minute application of a saturated solution of uranyl acetate diluted Isl
with ethanol, followed by a 1-2 minute application of lead citrate solution.
Specimens were examined in a Hitachi HS-7S electron microscope.
Results
Structure of PVM virions; negative stain. The morphology of the virus
particle was examined in thin sections as well as by the negative staining
technique.

PVM particles are extremely fragile (Harter and Choppin, 1967),

and no virus particles were seen in unfixed, negatively stained preparations.
However, if PVM suspensions were fixed with glutaraldehyde prior to negative
staining, and grids were scanned extensively at low magnification, a number
of long, filamentous particles were observed.
These filaments (Figures 1 and 2) usually have a uniform diameter of
100-120 mil, and a total length of 2-3 |i. Frequently one end of the filament
shows an enlarged, bulbous tip (Figure 1). The outer surface consists of an
efivelope covered with a layer of short projections or spikes 80-90 A in
length.

In most instances the particles were not penetrated by the negative

stain, and it was not possible to discern the internal structure. An
irreguliar, strandlike internal component occasionally has been seen in some
filaments. Much of the grid surface was covered with strandlike material
which may represent disrupted internal coraponent frora broken virus particles.
Failure to detect small, spherical particles in negatively stained preparations probably resulted from inability to recognize such particles when
scanning grids at low raagnification.
Structure of PVM virions; thin sections. Thin sections of BHK21 cells infected with PVM showed frequent extracellular filaraentous particles which corres
pond in size to those seen with negative staining (Figures 3 and 4). In
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addition, circular profiles 80-120ra|iin diaraeter were seen in thin sections
(Figure 3).

The frequency with which circular profiles were observed sug-

gests that they are sections of spherical virus particles, rather than crosssections of filaraentous particles.
The sectioned particles are bordered by araerabranewith outer projections,
corresponding to the envelope seen with negative staining.

The internal

structure is seenraoreclearly in sectioned particles than within negatively
stained particles. Electron-dense internal strands extend across the circular
profile in Figure 3, and a sirailar coraponent occurs coiled within filaraentous
particles (Figure 4).
The particles described above were found only in PVM-infected cells and
were the only virus-like structures which could be associated with PVM, either
in sections or with neg^ative staining.

It was therefore concluded that these

represented PVM virions. Additional evidence which supports the conclusion
that these are PVM particles includes the tirae course of their appearance and
their interaction withraurineerythrocytes (see below).
Release of a helical coraponent from cells infected with PVM.

The PVM particles

described above bear an obvious morphological resemblance to the rayxoviruses,
having an outer, spike-covered envelope and a strandlike internal component.
Since it was not possible to visualize the exact structure of the internal
component within virions, isolation of the component was attempted.
Prominent eosinophilic inclusions appear in the cytoplasm of BHK21 cells
after infection with PVM (Harter and Choppin, 1967).
to consist of strandlike elements (cf. Figure 9).

These inclusions appear

Sirailar inclusions in

BHK21-F cells infected with the parainfluenza virus SV5 consist of aggregates
of the helical SV5 internal component, and large amounts of SV5 internal
component have been isolated frora such infected cells.

The procedure developed

for isolation of SV5 internal component from cells was therefore applied to
PVM-infected cells.
Cells were inoculated at araultiplicityof 0.5 TCID50 per cell, and
after 3-4 days were suspended by treatment with 0.25% trypsin and 0.05% EDTA.
The cells were pelleted at 200 g for 5 minutes, and resuspended in distilled
water at a concentration of approximately 1.5 x 10^ per ral. Many cells were
disrupted, and a large nuraber of nuclei free of cytoplasm were observed.
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These extracts were clarified by centrifugation at 6500 g for 15 minutes, and
the supernatant (4,5ral)wasraixedwith cesium chloride (2,0 g). The resulting solution (average density = 1,30) was centrifuged for 7-10 hours at
45,000/rpm in a Spinco SW50 rotor. After centrifugation, fractions were
collected from the bottom of the tube, and densities determined by refractive
index raeasureraents,
A diffuse band with a density of 1.29 g/ml was observed near the center
of tubes that contained extracts of PVM-infected cells; no bands were observed
in this position in control tubes containing extracts of uninfected cells.
The material in the band was examined An the electron microscope. As illustrated in Figures 5 and 7, the observed structures have the general appearance
typical of the helical nucleocapsids of myxoviruses. However, the diameter
of the PVM component is 120-150 A, which differs frora the diaraeters of the
nucleocapsids of the two subgroups of myxoviruses.

For a direct comparison,

the component from PVM-infected cells (Figure 5) and the nucleocapsid of SV5
(Figure ;6), were photographed at the saraeraagnificationin the microscope,
and enlarged by the same factor.

It is apparent that the internal coraponent

of SV5, which has a diaraeter of 150-180 A, is larger than the coraponent from
PVM-infected cells.
The helical PVM component is usually seen someiiwhat stretched or
extended; tightly coiled helices, such as the segraent of SV5 nucleocapsid
shown in Figure 6, were not observed.

In selected regions, the turns of the

helix of the PVM coraponent are well separated, and their orientation suggests
that the structure is a single helix (Figure 7).
Forraation of virus particles.

Uninfected BHK21 cells are sirailar in raorphology

to the BHK21-F cells previously described (Corapans et al., 1966),

They are

fibroblastic, contain an extensive rough-surfaced endoplasraic reticulum and
few smooth-surfaced cisternae, and possess the other usual cytoplasmic
organelles.

The surfaces of BHK21 cells show relatively few microvilli.

Bundles of fibers are frequently seen in the cytoplasm, particularly in cells
exarained several days after monolayers have become confluent.

Uninoculated

BHK21 cells also contain the virus-like particles which have been previously
described (Bernhard and Tournier, 1964; McGee-Russell et al., 1965; Compans
et al., 1966),.

/V3/ IJ

Figure 1. A filamentous PVM particle, 3 |i in length and 110 m|i
in diaraeter, witli. a bulbous tip 400-500 m|j, in diaraeter.
Much of the background in negatively stained PVM
preparations is covered withraaterialwhich in sorae
areas has an irregular strandlike appearance.
Figure 2. A portion of a PVM filaraent showing the layer of
projections or spikes covering its surface.
Figure 3, A circular profile of a PVM virion which is traversed
by well-defined strands approximately 120 A in diameter
(arrow).

Below is a section of a filamentous particle

whose internal structure is not well defined.
Figure 4.

Section of a PVM filament in which electron-dense
strands (arrow) traverse a portion of the interior.
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Figure 5, Helical component (nucleocapsid), 120-150 A in diameter,
isolated from PVM-infected cells.
loosely coiled and fragmented.

It appears to be

The arrow indicates an

end view of a segment of the nucleocapsid suggesting the
presence of subunits. This is shown at higher
magnification in the insert.
Figure 6.

Segments of the helical nucleocapsid of the parainfluenza
virus SV5, 160-180 A in diameter, shown for comparison
with that of PVM,

Both loosely and tightly coiled

segments are seen. Figures 5 and 6 were photographed
at the sameraagnificationand enlarged by the sarae factor;
the smaller diameter of the PVM nucleocapsid is apparent.
Figure 7,

The PVM nucleocapsid at higher magnification.

In several

regions (arrows), the helix is stretched into a loose coil
which suggests that it is a single-stranded structure.
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Cells exarained 24 hours after inoculation at araultiplicityof 0.5
TCID50 per cell showed no characteristic alterations in structure and
extracellular virus particles were seen infrequently.

By 48 hours, extra-

cellular PVM particles were numerous, and examples are shown in Figures
3, 4, 11, 13, and 17, In addition, many cells observed at this time contain
dense cytoplasmic inclusions (Figures 8-11) which appear to consist of
elements with a threadlike appearance (Figure 9).

Occasionally, sirailar

dense inclusions are seen extracellularly, apparently resulting frcxn
rupture of the cells in which they were forraed.

These intra- and extra-

cellular inclusions are similar in size, shape, and distribution to the
inclusions seen in the light microscope, which stain flame-red with
acridine orange (Harter and Choppin, 1967).
Virus particles acquire their envelope by budding at the outer cell
merabrane (Figures 10-12, 14, 16). The interior of budding virus particles
(Figures 10-12) has a dense appearance sirailar to that of theraaterialin
inclusions, and in sorae areas the inclusion appears to extend into the
budding particle (Figure 11). Inraostregions no well-defined organization
is visible in the dense interior of budding virus particles; occasionally,
however, a strand is seen (Figure 12) which reserables the Internal coraponent
seen in some mature, extracellular virions. Filaraentous particles are also
seen budding at the cell surface (Figures 14 and 16).

All of the budding

particles are bordered by an electron-denseraerabranewhich is continuous
with the outer cellraerabrane.Increased electron density on the outer
surface of the particles corresponds to the spikes seen with negative staining.
The leaflets of the unitraerabranewere not readily resolved in the BHK21
cellraerabraneby the usual post-erabedding staining procedure. However, in
specimens stained with uranyl acetate prior to embedding, the staining of
membranes was enhanced.

With this procedure it was possible to observe a

typical unitraerabranein the envelope ofraature,extracellular virus particles
(Figure 13), and the leaflets in the BHK21 cellraerabranewere also resolved.
The merabrane in the envelope of budding virus particles is continuous with,
and appearsraorphologicallyidentical to, the outer cell merabrane (Figure 14),
Cells on which budding virus particles are present also exhibit rows of
closely spaced vesicles projecting inward frora their surfaces (Figure 11),
These vesicles have a rather uniform diaraeter of 60-100ra|i,and are seen with
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greatest frequency on regions of the cell surface between the regions where
virus is budding.

Occasionally, similar vesicles are seen closely adjacent

to, or just beneath, budding virus particles (Figure 10). Although the relationship of these vesicles to virus formation is not clear, they are
numerous only on surfaces of cells which exhibit budding virus, suggesting
a possible connection between virus maturation and vesicle formation.
Apart frora the cytoplasraic inclusions and surface phenomena involved in
virus maturation, no consistent virus-specific structural changes were
observed in infected cells. Dense masses were observed in a few nuclei,
but these could not be positively identified as virus-related.
Interaction of PVM and infected BHK21 cells with murine erythrocytes.

The

interaction of PVM particles and PVM-infected cells with murine erythrocytes,
which the virus agglutinates (Mills and Dochez, 1944; Harter and Choppin,
1967), was examined in thin sections of cells harvested 48 hours after
infection.
Monolayers of cells were rinsed twice with PBS, and overlayed with 2 ml
of a 0,8% suspension of murine erythrocytes in buffered saline. After gentle
agitation at 10-rainute intervals for 30 minutes, the unadsorbed erythrocytes
were removed by washing twice with PBS.

The erythrocytes adsorb firmly to

infected BHK21 cells, but are readily washed from uninfected cells.

The cells

were then suspended, fixed, and sectioned by the usual methods.
Erythrocytes were seen in direct contact with budding virus particles at
the surfaces of infected cells (Figure 15). Frequently, however, erythrocytes
were observed attached to areas on the BHK21 cell surface where no virusspecific morphological changes were visible (Figure 16). Attachraent of
erythrocytes to apparently unmodified cell surfaces may be due to budding
virus which is not in the plane of sectioning; however, this seems unlikely
because of the frequency of such attachment.

In Figure 16 the shape of the

erythrocyte is distorted to conforra to that of the cell surface, and a space
separates the adsorbed erythrocyte from the cell membrane.

Such an apparent

gap has been observed with hemadsorption to measles virus-infected cells
(Baker et al,, 1965), and may contain material which is not stained by the
procedures employed, or result from separation of the two membranes during
processing.

Figures 8-17,

Sections of BHK21 cells 48 hours after Infection with PVM.
Key to abbreviations:

N, nucleus;

E, murine erythrocyte;

I, inclusion.

Figure 8, Low raagnification view showing a dense, well-circumscribed
cytoplasraic inclusion near the periphery of the cell.
Figure 9.

Higher raagnification of a cytoplasraic inclusion (outlined
by arrows).

It consists of tangled, electron-dense,

threadlike eleraents.

J

Figure 10. A region of the cell surface on which eight budding PVM
particles are arranged in a glovelike configuration.
Other regions of the cell surface, indicated by arrows,
show underlying dense threadlike material, but do not
exhibit outfolding of the cell merabrane. These may be
regions from which buds will develop.
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Figure 11.

Portion of the cell surface studded with budding virus
particles, and a PVM filaraent which appears to have been
released,

A dense inclusion occupies rauch of the cell

interior.

The inclusion consists of dense raaterial similar

in appearance to the interior of virus particles, and this
material appears to extend into sorae of the budding particles.
Ovoid vesicles or invaginations (arrows), 60-100 ran in
diaraeter, are frequently observed in regions of the cell
sufipace near budding virus particles.
Figure 12.

Budding virus particles at higher raagnification; one particle
shows an internal strand (arrow).

Figure 13.

Extracellular virus particles in a specimen stained with
uranyl acetate prior to embedding.

This procedure is

effective for demonstrating the unit merabrane, i.e., two
electron-dense layers separated by a less dense layer.
Such a unitraerabraneis visible in the envelope of the
filaraent with its bulbous tip as well as in the sraall
circular profile (arrows).

The internal structure of virus

particles is not well-defined by this staining procedure.
Figure 14.

PVM filaments at the cell surface in a specimen stained
with uranyl acetate.

The unit membrane structure is

resolved in some areas of the cell surface and in the
envelope of budding virus particles.

The cell merabrane

appears to be incorporated into the eraerging virus.
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Figure 15. Erythrocytes in contact with PVM particles (arrows) which
are budding frora the surface of an infected cell.
Figure 16, An adsorbed erythrocyte (E) whose contours closely follow
those of the BHK21 cell surface.

The erythrocyte membrane

and the BHK21 cell membrane are separated by an apparent
gap approxiraately 150 A in width.

No virus-specific

structures are seen on the BHK21 cell in the zone of
adsorption.
Figure 17, Sections of filaraentous PVM particles in contact with the
surface of an erythrocyte. A virus-like particle is shown
within a vesicle in the cell on the right.

Such particles

are also found in uninoculated BHK21 cells, and do not
reserable PVM virions.
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In addition to adsorption of erythrocytes to surfaces of infected cells,
adsorption of extracellular virus particles to erythrocytes was also seen
(Figure 17), The virus particles observed in these studies thus exhibit the
interactions withraouseerythrocytes which would be expected of PVM virions.
Discussion
Evidence has been presented (Harter and Choppin, 1967) that PVM is an
RNA virus that replicates in the cytoplasra.

The present results indicate

that PVM virions are spheres or filaraents, 80-120 m|i in diameter, which
contain a strandlike internal coraponent that is enclosed in an envelope
acquired by a budding process at the cell surface. The evidence that the
observed particles are PVM virions includes their appearance in infected
cells at the tirae PVM infectivity and heraagglutinin are detected, the
absence of such particles in uninfected control cells, and their interaction
with murine erythrocytes.

In addition, no other virus-like particles have

been observed in preparations of PVM, and the structure of these obviously
fragile, merabrane-bounded particles is compatible with the known ether
sensitivity (Franklin and Gomatos, 1961) and extreme fragility (Harter and
Choppin, 1967) of PVM,

The PVM heraagglutinin with an estimated diameter of

40 m|i described by Curnen and co-workers (Curnen et al„, 1947) probably
represented fragments of 80-120ra|iparticles such as those observed in the
present studies. Evidence for hemagglutination by fragments of PVM virions
has been presented previously (Harter and Choppin, 1967),
The internal component of PVM appears to be a single-stranded helix
with a diameter of 120-150 A.

It was thus sraaller than the <^ 180 A helical

nucleocapsid of subgroup IIrayxoviruses,but larger than the <^90 A internal
component of influenza virus. That the dense inclusions seen in PVM-infected
cells represent aggregates of internal component is suggested by their
strandlike appearance at highraagnification,and by continuity of the inclusion with the dense interior of sorae budding virus particles.

In addition,

the inclusions stain red with acridine orange, indicating the presence of RNA
(Harter and Choppin, 1967),

it has been shown previously that the cytoplasraic

inclusions in BHK21-F cells infected with the parainfluenza virus SV5 consist
of large aggregates of the helical internal coraponent of this virus.
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As with myxoviruses, the outer cell membrane is continuous with the membrane forming the envelope of the budding PVM particle.
cellular merabrane is incorporated into the virion.

It thus appears that

The membrane in the viral

envelope possesses an outer covering of spikes which are individually visible
with negative staining, and appear as a dense outer layer in sections. Sorae
virus-specific proteins raay be present on the cell surface before any raorphological change can be detected, because virus-specific adsorption of erythrocytes can occur on regions of the cell surface where no budding virus or layer
of spikes is apparent.

This type of heraadsorption was first deraonstrated in

influenza-infected cells by Hotchin and co-workers (Hotchin et al., 1958),
It is possible that sorae precursor of the viral spikes may be responsible for
the hemadsorption seen in such regions.
The structure and morphogenesis of pneumonia virus of mice suggest that
it is araemberof therayxovirusgroup. Although there is no available evidence
that PVM adsorbs to a neurarainic acid-containing receptor on erythrocytes,
other viruses, such asraeasles,which are now considered to beraerabersof the
mjTxovirus group, also apparently do not require such a receptor (Hirst, 1965).
Therayxoviruseshave been segregated into two well-defined subgroups on
the basis of structural and biological properties. As summarized in Table 1,
PVM does not fit into either of these subgroups, but shares some properties
with both.

The particle size of PVM is sirailar to that of the influenza

viruses (subgroup I). There is no indication that PVM possesses heraolytic
or cell-fusing activity, and in this respect, also, it resembles influenza
virus. However, the synthesis of PVM internal component appears to occur in
the cytoplasm and eosinophilic cytoplasraic inclusions are prorainent; these
properties are characteristic of subgroup II myxoviruses.

PVM also resembles

these viruses in the ease with which it is disrupted, whereas the influenza
viruses show greater structural stability.

The failure of PVM to fit into

either subgroup of myxoviruses, and particularly the 120-150 A diameter of
its internal component, suggests that a third subgroup of msrxovlruses may
exist.
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TABLE I
Comparison of Properties of Pneumonia Virus of Mice
with those of the Two Subgroups of Myxoviruses

PVM

Subgroup I
(Influenza)

Subgroup II
(Parainfluenza,
Mumps, NDV)

Particle size

80-120 m|i

80-120 ra|i

120-500 rajji

Diaraeter of nucleocapsid

12-15 ran

9 ra^i

18 ran

Filaraentous particles

+

+

+*

Easily disrupted

+

-

+

Apparent site of synthesis
of nucleocapsid antigen

Cytoplasm

Nucleus

Cytoplasm

Cytoplasraic inclusions

+

Usually absent

+

Hemolytic and cell-fusing
activities

-

W e a k or absent

+

^ Summary of properties of the two subgroups adapted from Waterson (1962)
and Hirst (1965).
It was thought that filaments were rare among subgroup II myxoviruses;
however, many filamentous virus particles have been observed recently
in fixed, sectioned preparations of parainfItienza viruses (Prose et al.,
1965; Compans et al., 1966; Howe et al., 1967b).
^ Although in most virus-cell systeras nucleoprotein synthesis appears to
be liraited to the cytoplasm, in sorae instances nuclear synthesis has
been reported (Chanock and Parrott, 1965).
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