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ABSTRACT

When KB cells are infected with adenovirus type 3 and the
lysates of the infected cells are subjected to equilibrium density
sedimentation in CsCl, several populations of particles are observed
as light scattering bands by transillumination. .(hese papulations of
virus particles have distinct buoyant densities. Analyses of these
populations of particles in the ultracentrifuge indicate that the buoy-
ant densities are 1.2787, 1.2913, 1.2945, 1.3030, 1.3139, 1.3315, and
1.3595 g/cm3. The bands of particles are designated I, IIa, IIb, III,
IV, V, and VI respectively. The wvirions are band V. The remaining
bands are incomplete particles. The virions of adenovirus type 3 are
less dense than the virions of adenovirus type 2.

Optical density determinations at 260 and 280 nm of CsCl
equilibrium gradients indicates the presence of additional populations
of incomplete particles which were not detected in the analytical ultra-
centrifuge. These bands are designated as IIIa and Va.

Buoyant densities and ODy¢q/ODsgq ratios indicate that all of
the incomplete particle populations contain nucleic acid. DXNA is ex-
tractable from incomplete particles (II) and virions (V). The DNA
from incomplete particles hybridizes better with adenoviriom DNA than
with KB cell DNA. Incomplete particle DNA hybridizes better with KB
cell DNA than does adenovirus type 3 virion DNA suggesting either that
host cell DNA may be present or that incomplete particle DNA contains

sequences which are complementary to KB cell DNA.
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The incomplere particle populations are produced in constant
proportions with repeated passages except for band Va which increases
with passage number.

The DNA of incomplete particles and virions is present within
the capsids. A portion of both types of particles is resistant to DNase
digestion. However, more of the nucleic acid in incomplete particles
than in virions is susceptible to digestion by this enzyme, and the di-
gestion of the DNA in incomplete particles occurs more slowly. These
observations suggest differences in packaging and/or structure of in-
complete particles and virions. The specific radiocactivity is lower for
incomplete particles than it is for virions. This might indicate that
parental viral DNA is incorporated intc the incomplete particles.

The biological role(s) of the incomplete particles remains
unspecified. These particles may be degradation products of the viral
replication process. They may have a role in viral assembly serving as
precursers to infectious wvirions, Incomplete particles may serve ta
determine transforming ability and oncogenic potential of a virus popu-

lation.
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INTRODUCTION

I. The Adenoviruses

A. Isolation

Adenoviruses were originally isolated by Rowe et al. (1953)
from human adenoid tissue grown in culture and by Hilleman and Werner
(1954) from respiratory secretions of army recruits with primary atypical
pneumonia. Since these initial isolations, over 80 different serotypes
of adenovirus have been isolated from human, simian, bovine, porcine,

canine, murine, and avian sources.

B. Classification

Each serotype of adenovirus (except for avian adenoviruses)
has a group specific antigen which cross reacts with all other types
of adenovirus within the group. The group specific determinants reside
on the hexon subunits (Klemperer and Pereira, 1959). The type-specific
antigenic determinants of the adenovirion are localized on the penton
fiber (Klemperer and Pereira, 1959; Philipson, 1960).

Rosen (1960) divided the serotypes of adenovirus into three
subgroups by their ability to agglutinate Rhesus monkey and/or ratred
blood cells. Green and Pina (1963, 1964) divided the human adenoviruses
into three subgroups by their ability to induce cumors in newborn
hamsters. There is no apparent correlation between the subgroups dis-
tinguished by serotyping, hemagglutination, or oncogenic potential.
However, the oncogenic potential does correlate with guanine-cytosine
content of the viral DNA (Pina and Green, 1965). The members within a

subgroup based on oncogenic potential are more closely related with
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each other than with members of either other oncogenic subgroup

(Garon et al., 1973).

C. Physical Properties

1. Morphology

The morphology of the adenovirus capsid and subunits are
illustrated in Fig. 1. Adenovirus particles are icosahedrons approxi-
mated by a diameter of 60-80 nm (Horme et al., 1959). Adenovirions are
composed of 11-13% DNA and 87-89% protein. The virion is subdivided
into a capsid containing 252 capsomeres (Horne et al., 1959; Wilcox
et al., 1963; Dales, 1962) and a dense central core (Morgan et al.,
1956). The facets of the capsid have six-fold symmetry, each with 12
hexons and thus each capsid is composed of 240 hexon subunits (Ginsberg
et al., 1966; Pettersson et al., 1967). The 12 penton subunits have
five-fold symmetry, are found at the vertices of the icosahedron, and
consist of a penton base and a fiber with a terminal knob (Valentine
and Pereira, 1965; Norrby, 1966; Pettersson et al., 1968). The length
of the penton fiber is a unique characteristic of each serotype of
adenovirus (Pettersson.gg al., 1968).

2. DNA

Adenovirus DNA is a double stranded molecule with no single-
stranded breaks (Green et al., 1967; Van der Eb et al., 1969; Doerfler
and Kleinschmidt, 1970). The DNA extracted from many serotypes of
adenoviruses were characterized according to buoyant density and sedi-
mentation coefficients by Green (1962), Green and Pina (1963) and Green

t al. (1967). The molecular weight of the varicus adenovirus genomes

6
was calculated to be 20-25 x 10 daltons (Green et al., 1967; Van der Eb
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FIGURE 1. Morphology of the adenovirus capsid. The illustration

shows the icasahedral structure of the capsid and shows
the relaticonship of adenovirus antigens to the capsid.

From Russell et al. (1967).
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£t al., 1969; Green et al., 1970). This is sufficient genetic material

to code for 25-50 average-sized proteins.

DNA released from virions under gentle conditions has a cir-
cular configuration (Robinson et al., 1973; Brown et al., 1975). Since
these circular forms were readily converted to linear molecules by
treatment with 5DS, pronase, trypsin, or Q-chymotrypsin, the ends of
the linear DNA molecules are probably associated by a protein linker
within the virion (Robinson et al., 1973).

Denaturation and self-annealing of highly purified adenovirus
DNA molecules results in single-stranged, circular forms (Garon et al.,
1972; Wolfson and Dressler, 1972; Roberts et al., 1974). These circles
are due to inverted terminal repetition. Garon et al. (1972) reported
that the length of the repeated sequence varied with the serotype of
adenovirus.

Burnett and Harrington (1968) reported that DNA extracted from
simian adenovirus 7 causes productive infection and oncogenic transforma-
tion. The DNA extracted from human Ad 1 is infectious (Nicolson and
McAllister, 1972). Grahm and Van der Eb (1973a, b) reported that 1-10
plaque forming units and one transformed cell focus was caused per ug
of DNA (1.5 x 109 molecules) extracted from Ad 5.

3. Proteins

The polypeptide composition of adenovirions has been analyzed
by SDS-polyacrylamide zel electrophoresis. Maizel et al. (1968a, b)
described 9 polypeptides ranging from 7,500 teo 120,000 daltons for adeno-
virus types 2, 7 and 12. However, as many as 15 polypeptides have now

been associated with virions of Ad 2 (Maizel, 1971; Everitt et al., 1973;
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Anderson et al., 1973). Eight of these polypeptides are antigenically
distinct and present in specific structures of the virion as shown in
Fig. 2 (Everitt et al., 1973; Everitt and Philipson, 1974). Polypeptide
II forms the hexon, III forms the penton base, and IV forms the fiber.
Polypeptides VI and possibly VIII are hexcon associated proteins. Poly-
peptide IX is specifically associated with groups of nine hexons. Poly-

peptides V and VII are associated with the core.

D. Productive Infection

1. Adsorption and penetration

The growth cycle of adenoviruses begins with adsorption to
permissive cells. The virions attach to specific receptors located on
the plasma membrane of the host cell (Philipson et al., 1968). There
are about 1 x ]_O4 adenovirus receptors per KB cell (Philipson et al.,
1968). Levine and Ginsberg (1967) reported that Ad 5 fiber reduces the
number of virions adsorbed to KB cells. Philipson et al. (1968) demon-
strated that purified Ad 2 fiber specifically inhibits Ad 2 attachment
to the cell receptors. Electron mi:rographs verified that the distance
between adsorbed virions and the plasma membrane is roughly equivalent
to the length of the fiber (Chardonnet and Dales, 1970a, b). These
observations indicate that the fiber attaches the adenovirion to cell
receptors.

The mechanism involved in adenovirus penetration of the cell
membrane is controversial. Penetration is postulated to occur by pino-
cytosis (Dales, 1962; Chardonnet and Dales, 1970a), by direct penetration
of the plasma membrane (Lonberg-Holm and Philipson, 1969; Morgan et al.,

1969; Brown and Burlingham, 1973) or by a combination of the two processes

(Morgzan =2t al., 1969).



FIGURE 2.

Location of structural polypeptides within the adeno-
virion. The Roman numerals refer to the viral polypep-
tides (Maizel, 1971). The locations of the fracture
planes (FPI and FPZ) were derived from electron micro-
scope data. The arrangement of-the viral DNA molecule
does not presuppose any definite organization and the
loops extending into each of the substructures represent
tightly packed coils of wviral DNA.

From Brown et al. (1975).



2. Uncoating

Uncoating releases the DNA from the wvirion. Uncoating is
usually measured by determining the susceptibility of the wviral DNA to
degradation by DNase. The mechanisms involved with adenovirion uncoating
are not understood, although the process has been described by electron
microscopy, physical, and chemical techniques. Within minutes after
adsorption, virions which contain DNA susceptible to DNase appear in the
cytoplasm (Sussenbach, 1967; Lonberg-Holm and Philipson, 1969; Morgan
et al., 1969; Brown and Burlingham, 1973). Indirect arguments suggest
that these cytoplasmic adenovirions have lost about 5% of their total
protein. This loss is thought to be the penton subunits (Sussenbach,
1967). The hexon capsomeres remain at the nuclear membrane as the cores
enter into the nucleus (Morgan et al., 1969; Chardoannet and Dales, 1972).
Intact adenovirus DNA is freed into the nucleoplasm as the final event
of uncoating (Lonberg-Holm and Philipson, 1969)., The uncoating mechanism
does not require DNA synthesis or protein synthesis and therefore must be
mediated by pre-existing cellular or viral enzymes (Lawrence and Ginsberg,
1967; Philipson, 1967).

3. Svynthesis

Two phases of virus controlled macromolecular synthesis occur
during productive infection with adenovirions. The ear! phase precedes
viral DNA replication. During the early phase only about 40% of the wviral
genome is transcribed (Tibbetts et al., 1974). The late phase begins with
viral DNA replication and includes the synthesis of structural peptides
of the adenovirion.

a. RNA. Viral RNA transcription begins immediately after

the viral DNA reaches the nucleus (Lindberg et al., 1972). The adenovirus
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RNA extracted from the nuclei is very heterogeneous in size (Parsons and
Green, 1971; Wall et al., 1972) but the polysome associated viral RNA
molecules are smaller and occur in discrete size classes {Parsons and
Green, 1971; Lindberg et al,, 1972; Craig and Raskas, 1974). Each of
the size classes contain several species of mRNA (Craig et al., 1975;
Philipson et al., 1974).

Adenovirus specific mRNA extracted from the cytoplasm during
early and late phase contain polyadenylic acid sequences. Polyadenyla-
tion apparently occurs in the nucleus as part of post-transcriptional
processing (Philipson et al., 1971). Inhibition of peolyadenylation
blocks transport of adenoviral mRNA into the cytoplasm (Philipson et al.,
1971). Thus the addition of a poly-A sequence appears necessary for
processing and transport of adenoviral mRNA into the cytoplasm (Darnell
et al., 1971).

Adenovirus specific RNA is probably transcribed by cellular
enzymes. RNA polymerase II, which synthesizes heterogeneous nuclear RNA
in uninfected cells, appears to transcribe both early and late adenovirus
specific RNAs. In addition, RNA polymerase III transcribes the 5.5 S
adenovirus associated RNA (Weinmann et al., 1974).

About 10 times more wviral mRNA accumulates in the cytoplasm
during the late phase than during the early phase (Green et al., 1970;
Philipson et al., 1973). Late transcription is blocked by either inhibi-
tors of protein synthesis (Green et al., 1970) or RNA synthesis (Flanagan
and Ginsberg, 1962). During late phase, a 5.5 S species of RNA is syn-
thesized in large amounts. This "virus associated RNA'" (VA RNA) is
transcribed from adenoviral DNA (Ohe, 1972). Although its Ffunction is

unknown, the 5.5 S RNA is intermittently associated with polyribosomes

(Baum and Fox, 1974),
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Hybridization mapping of the adenovirus mRNA extracted from
productively infected cells has established that most of the late mRNA
is complementary to the l-strand while the early mRNA hybridizes to both
the h- and the l-strand (Landgraf-Leurs and Green, 1973; Patch et al.,
1972). Tibbets et al. (1974) determined that 25-30 percent of early mRNA
hybridizes to the l-strand and 10-15 percent hybridizes to the h-strand.
But 65-70 percent of late mRNA hybridizes to the l-strand and 25 percent
hybridizes to the h-strand. 1In contrast, Pettersson and Philipson (1974)
determined that 85 percent of late nuclear RNA hybridized with the 1-
strand but only 65-70 percent of late cytoplasmic BRNA hybridized with
the l-strand. Therefore, not all of the transcribed viral RNA is trans-
ported to the cytoplasm.

Initiation and termination sites of RNA synthesis have not been
determined in vivo. In vitro experiments indicate that E. coli RNA poly-
merase initiates synthesis at 5-10 preferred sites (Pettersson et al.,
1974).

b. DNA. Viral DNA synthesis begins 6 to 8 hours after
infection and reaches the maximum rate of synthesis at about 13 hours
after infection (Ginsberg et al., 1967; Pina and Green, 1969). Nothing
is known about initiation of adenovirus DNA replication or about the
enzymes involved. Once adenovirus DNA synthesis -+tarts, it is not
affected by inhibitors of protein synthesis (Horwitz et al., 1973). No
virus specific DNA polymerase has yet been isolated. Autoradiography
suggests that the site of replication is in the nucleoplasm rather than
at the nuclear membrane. The non-replicating adenovirus DNA molecules
preferentially collect at the periphery of the nucleus (Vlak et al., 1976;

Vlak et al., 1975; Shiroki et al., 1974). Two adenovirus DNA binding
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proteins have been identified. These proteins have molecular weights
of 72,000 and 48,000 daltons and both bind preferentially to single-
stranded viral DNA (Van der Vliet and Levine, 1973). They suggest that
these proteins bind to single-stranded DNA intermediates during viral
replication.

Several groups of investigators have observed that pulse
labeled, replicating viral DNA molecules have a higher buoyant density
than mature adenovirus DNA molecules. The labeled higher density DNA
species could be chased into mature adenovirus DNA molecules (Pearson
and Hanawalt, 1971; Sussenbach et al., 1972; Van der Eb, 1973;
Pettersson, 1973). The density of the replicating DNA molecules was
shifted to the density of mature DNA by treatment with nucleases
specific for single-stranded DNA but not with ribonuclease (Pettersson
1973). These observations suggested that adenovirus DNA replicates
through single-stranded intermediates.

Horwitz (1971) found no evidence of Qkazaki fragments during
adenovirus DNA replication. However, Bellett and Younghusband (1972)
reported a 12 § '"QOkazaki-like" fragment during replication of CELO
virus DNA. Winnacker (1975) described '"Okazaki'" fragments during repli-
cation of Ad 2 DNA in isolated nuclei from infected cells.

Electron microscopic studies of replicating adenovirus DNA
have illustrated three types of adenovirus DNA molecules: (1) a Y-
shaped molecule having an arm of single-stranded DNA of variable length,
(2) linear molecules of unit length, either single-stranded or partially
single-stranded, (3) double-stranded molecules of unit length (Sussen-

bach et al., 1972; Van der Eb, 1973).
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Recently, extensive studies of adenovirus DNA replication
have been undertaken in isolated nuclei. TUnder these experimental con-
ditions, DNA molecules which have initiated prior to isolation of the
nuclei continue to elongate, but no new initiation occurs. The results
of experiments performed by Sussenbach and co-workers (Van der Vliet
and Sussenbach, 1972; Sussenbach et al., 1972; Sussenbach et al., 1973;
Ellens et al., 1974; Sussenbach and Van der Vliet, 1973) has led to the
proposal of one model for adenovirus DNA replication. This model pro-
poses that DNA replication begins at the right end of the molecule in
the AT rich region. The parental l-strand is displaced by the new
progeny strand which is replicating in the 5' — 3' direction. This
gives rise to Y-shaped intermediates. Later, synthesis begins on the
displaced strand detached from the replicating structure. The displaced
strand serves as a template for discontinuous synthesis to form a double-
stranded molecule. This model has difficulty in explaining how the 5'
end of the daughter strand is completed after degradation of an RNA
primer. Bellett and Younghusband (1972) have proposed that the 5' end
of the daughter strand may be completed by formation of concatemers
followed by staggered cleavage of both strands at genome intervals.

More recent experimental data disagrees with the model pro-
posed by Sussenbach., Single-stranded DNA isolated from infected cells
hybridizes equally well with both strands of DNA, indicating that both
strands are exposed during replication (Lavelle et al., 1974; Tolun and
Pettersson, 1975; Schilling et al., 1975). Each strand replicates in
the 5' — 3' direction at similar rates but starting at opposite ends of
the molecule. These observations support a model in which DNA synthesis

is initiated at either end of the DNA molecule. Initiation could occur
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simultaneously at both ends of a given molecule or randomly at either
end in different molecules. Since no initiation occurs in isolated
nuclei, the in vitro models must be interpreted with caution.

c. Proteins. The early virus coded proteins are diffi-
cult to identify. However, the T-antigen has been purified (Gilead and
Ginsberg, 1968a, b; Tockstein et al., 1968) and characterized (Russel
et al., 1967a; Shimojo et al., 1967; Gilead and Ginsberg, 1965). The
P-antigen has also been detected (Russell and Knight, 1967) and may be
a complex of the T-antigen and core protein (Russell and Skehel, 1972).
Bablanian and Russell (1974) studied early peptides while host cell
protein synthesis was suppressed with polio virus in medium containing
guanidine. They described an early peptide with a molecular weight of
64,000 which may be.the major component of the P-antigen. WNo virus
specific enzymes have been definitely identified as early proteins. An
early non-structural virus specific protein (E2) has been reported
(Ishibashi and Maizel, 1974b).

Late protein synthesis begins 8-10 hrs after infection (Wilcox
and Ginsberg, 1963a). DNA synthesis is required since cytosine arabino-
side, hydroxyurea, or 5-fluorodeoxyuridine inhibit late protein synthesis
(Green, 1962b; Flanagan and Ginsberg, 1962; Wilcox and Ginsberg, 1963b).
The capsid subunits are found in large excess while the core proteins
appear in more restricted amounts (White et al., 1969%; Everitt et al.,
1971). After synthesis in the cytoplasm, the viral peptides are trans-
ferred to the nucleus for assembly (Velicer and Ginsberg, 1970; Horwitz

t al., 1969). Only 5-20% of the capsid proteins are incorporated into

mature virions (Green et al., 1962b; Horwitz et al., 1969).
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Two glycosylated adenovirus proteins have been described, the
fiber polypeptide and E2 (Ishibashi and Maizel, 1974b). Glycosylation
probably occurs subsequent to translation. The fiber protein is also
phosphorylated, but the major phosphorylated species is the 64,000
molecular weight protein described by Russell and Skehel (1972), and
Russell et al., 1972b).

Recent evidence indicates that some of the structural pro-
teins are formed by_post—translational cleavage of larger precursor
molecules after synthesis or during assembly (Anderson et al., 1973).
Polypeptide VII (Anderson et agl., 1973), and polypeptides VI and VIII
(Anderson et al., 1973; Everitt and Philipson, 1974; Ishibashi and
Maizel, 1974a; Oberg et al., 1975) may be formed this way.

Five to seven polypeptides are induced by adenovirus as late,
non-structural proteins (Russell and Skehel, 1972; Anderson et al.,
1973). One of these appears identical with the messenger ribonucleo-
protein peptide of infected cells (Lindberg and Sundquist, 1974) and
others may be precursors to mature virion polypeptides (Walter and

Maizel, 1974; Ishibashi and Maizel, 1974a).

d. Host cell effects. Adenovirus infection prevents

cell division by generalized interference with host cell DNA and protein
synthesis. Cellular DNA synthesis declines at 5-8 hrs after infection
and by 10-13 hrs about 90% of the newly synthesized DNA is viral (Gins-
berg et al., 1967; Pina and Green, 1969). Host cell protein synthesis
declines at the same time (Ginsberg et al., 1967). After 12 hrs of
infection almost all of the newly synthesized protein is virus-coded or

virus-induced (Russell and Skehel, 1972; Anderson et al., 1973). Some
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host cell mRNAs, such as the messenger ribonucleoprotein particles,
seem to be translated late in infection (Lindberg and Sundquist, 1974).

As host cell protein synthesis is reduced, the accumulation
of ribosomal RNA in the cytoplasm is suppressed (Raskas et al., 1970;
Philipson et al., 1973). This effect may be due to decreased processing
or to suppression of synthesis of the rRNA precursor (Eliceiri, 1973).
Cellular tRNA synthesis is normal throughout infection (Ginsberg et al.,
1967) and no virus specific tRNA has been identified (Raskas et al.,
1970; Kline et al., 1972).

4. Assembly

The newly synthesized viral components accumulate within the
nucleus as inclusion bodies (Martinez-Palomo and Granboula, 1967; Mar-
tinez-Palomo et al., 1967). Studies by Ginsberg and Dixon (1959) and
Green (1962b) indicate only 10-15% of the viral DNA and protein subunits
synthesized are incorporated into infectious virions. However, the
yield of virions is apparently determined genetically by the virus
strain (Mak, 1969).

The maturation of adenovirions requires the normal cytoplasmic
concentration of arginine early in infection (Everitt et al., 1971). If
arginine starvation begins 14 hrs after infection, almost normal yields
of virus are obtained. TIf the medium is depleted of arginine, viral
titers are reduced 3-4 orders of magnitude even though the arginine
rich structural proteins are produced in normal amounts (Everitt et al.,
1971). Starvation reduces viral DNA synthesis but late viral mRNA
apparently is synthesized (Raskas et al., 1972). Winters and Russell
(1971) reported that viral DNA and peptides extracted from cells grown

in arginine deficient medium will assemble into virions if mixed with
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extracts from infected cells in normal medium.

Elevated temperature reduces viral yields by about 2 orders
of magnitude. Viral DNA and mRNA are synthesized at a faster rate at
42°C but virion assembly is defective at this temperature (Warocquier
et al., 1969; Okubo and Raskas, 1972). Perlman et al. (1972) reported
that translation is altered at 40°C and that the ratio between the rate
of synthesis of hexon and fiber is increased,.

Recent studies of the polypeptides of incomplete adenovirus
have led to models of viral assembly which- require structural interme-
diates (Sundquist et al., 1973b; Ishibashi and Maizel, 1974a; Edvardsson
et al., 1976). These models propose that DNA containing cores are in-
serted into empty capsids composed of precursor polypeptides. The poly-
peptides are then cleaved to their mature forms. This model is supported
by the following observations: (1) Incomplete particles and infectious
virions appear simultaneously (Sundquist et al., 1973; Rosenwirth et al.,
1974). (2) Radioactive amino acids are first incorporated into incom-

plete particles before appearing in infectious virions (Sundquist et al.,

1973; Ishibashi and Maizel, 1974; Edvardsson et al., 1976). (3) Pulse-
chase experiments show that radiocactivity is first found in incomplete
particles and is then chased into infectious particles (Ishibashi and
Maizel, 1974; Sundquist et al., 1973; Edvardsson et al., 1976). The
incomplete particles have altered amounts of core proteins and contain
some polypeptides not found in mature complete virions (Edvardsson et al.,
1976; Ishibashi and Maizel, 1974; Rosenwirth et al., 1974; Wadell et al.,

1973; Prage et al., 1972). These polypeptides apparently are precursor

forms of polypeptides found in the mature virion.
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E. Transformation

Cell transformation by adenoviruses usually occurs in non-
permissive hamster and rat cells. High multiplicities of infection
are required and the incidence of transformation is low. Transformed
cells can be readily distinguished from normal cells by their morpho-
logical appearance (Strohl et al., 1967). These cells grow to higher
saturation densities, grow in disoriented arrays, and have an altered
plasma membrane (Martinez-Palomo and Brailovsky, 1968). Infectious
virus cannot be recovered from, detected in, or induced from these
cells (Burns and Black, 1969; Weber, 1974). However, viral DNA is in-
tegrated into host cell DNA during non-permissive infection (Doerfler,
1970) and has been detected in transformed cells (Greem et al,, 1970;
Pettersson and Sambrook, 1973; Sharp et al., 1974). This integrated
DNA is incomplete portions of the total genome (Weber, 1974). The
viral DNA is transcribed into RNA similar in size to HnRNA of uninfected
cells (Green et al., 1970; Wall et al.,, 1973) and this RNA hybridizes
with cell DNA suggesting a covalent linkage of viral and cellular DNA
sequences (Tseui et al., 1972; Wall et al., 1973).

Adenovirus transformed cells have an increased DNA content
(Kusano and Yamane, 1967) and an increased amount of membrane bound
mucopolysaccharides (Martinez-Palomo and Brailowvsky, 1968). They con-
tain adenovirus specific T-antigen (Huebner et al., 1963; Pope and Rowe,
1964 ; Huebner, 1967).

Naked adenovirus DNA will transform cells {(Grahm and Van der
Eb, 1973b). Grahm et al. (1974) have shown that a DNA fragment from

the left-hand end of Ad 5 will transform cells.
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F. Tumor formation

The human adenoviruses have been divided into subgroups based
on their oncogenicity for newborn hamsters (Huebner, 1967). However,
tumors induced by weakly oncogenic viruses are indistinguishable from
those induced by highly oncogenic types. Adenovirus induced tumors are
described as undifferentiated sarcomas (Trentin et al., 1968), lympho-
sarcomas (Larson et al., 1965), undifferentiated fibrosarcomas (McAll-

ister et al., 1966), and undifferentiated mesenchymal neoplasms

0]
s

(Huebner et al., 1962). All of these tumors show identical morphology
(Slifkin et al., 1968; Yabe et al., 1963), suggesting that the viral
genome controls the morphological appearance of the tumor cell (Strohl
et al., 1967).

The tumor cells contain no detectable infectious virus and
attempts to induce infectious virions have been unsuccessful (Burns and
Black, 1969; Weber, 1974). The T-antigen is expressed (Huebner et al.,
1963; Pope and Rowe, 1964; Huebner, 1967) and specific transplantation
antigens occur on the surface of the transformed cells (Trentin and
Bryan, 1964; Sjogren et al., 1967).

Cells transformed in culture by highly oncogenic and weakly
oncogenic adenoviruses are tumorigenic in host animals (McAllister et
al., 1969a, b). Hamster kidney cells -ansformed by Ad 2 cause tumors
in hamsters (Lewis et al., 1974). In addition, naked DNA from SA 7
(Burnett and Harrington, 1968b) and fragments of SA 7 DNA (Mayne et al.,

1971) are tumorigenic.
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IT. The Incomplete Particles Associated with

Adenovirus Infected Cells

A. TIsolation

The incomplete particles of adenoviruses are virion-like
structures which differ from infectious virions in their buoyant den-
sities. This physical property allows the incomplete particles to be
separated from complete particles by equilibrium density gradient ultra-
centrifugation. Smith (1965a) first observed incomplete particles (top
components) of adenovirus types 2 and 12 when infected KB cell lysates
were purified by equilibrium sedimentation in CsCl gradients. Three
bands of Ad 2 particles having densities of 1.348, 1.337, and 1.292
g/cm3 were present. While the particles from each band were morpho-
logically indistinguishable under the electron microscope, only the two
heaviest bands were infectious. Since these initial observations, in-
complete particles have been associated with many types of adenoviruses.
They have been studied and characterized in the following types of human
adenoviruses: Ad 2 (Burlingham et al., 1974; Rosenwirth et al., 1974;

Ishibashi and Maizel, 1974; Sundquist et al., 1973); Ad 3 (Prage et al.,

1972; Sundquist et al., 1973; Edvardsson et al., 1976); Ad 12 (Mak, 1971;
Burlingham et al., 1974; Schaller and Yohn, 1974); Ad 16 (Wadell and
Hammarskjold, 1970; Wadell et al., 1973). In addition, incomplete

particles from simian Ad 7 (Schaller and Yohn, 1974) and bovine Ad 3

(Igarashi et al., 1975; Niiyama et al., 1975) have been studied.
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B. Physical Properties

1. Morphology

Under the electron microscope the external morphology of the
incomplete particles is identical with the complete, infectious wvirions
(Smith, 1965a; Prage et al., 1972; Wadell et al., 1973; Niiyama et al.,
1975). However, the incomplete particles are more easily penetrated by
negative stain. Often these preparations show more collapsed and broken
particles indicating that the incomplete particles may be more fragile
than complete virions (Prage et al., 1972; ‘Wadell et al., 1973; Bur-
lingham et al., 1974).

2. Buovyant density

The incomplete particles are identified by their buoyant den-
sities (Table 1). Most bands of incomplete particles are less dense
than the band of infectious virions, however more dense incomplete
particles have been characterized for human adenovirus types 2, 12,
and 16 (Burlingham et al., 1974; Wadell et al., 1973).

3. DNA content

Smith (1965a, b) reported that DNA could be extracted from
incomplete particles of Ad 2, 7, and 12. However Maizel et al. (1968)
reported that there was little or no DNA in the incomplete particles
of Ad 2, ar” Prage et al. (1972) reported similar results for the in-
complete particles of Ad 3. Wadell et al. (1973) found that SH-thymi-
dine was incorporated into the incomplete particles of Ad 16 and that
the ratio of radiocactivity to hemagglutinating activity increased with
increased buoyant density of the bands (Table 2). Burlingham et al.

(1974) reported that the relative specific radiocactivity of 3H—thymidine
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Characterization of Incomplete Particles of Adenovirus by

Buovant Density in CsCl

Band Designation

Ia

Ib

IT
ITI*

IV

Band Designation

Incomplete
Incomplete

Complete®

Band Designation

I

1T

ITlIa

IIT*

v

a
Adenovirus Type 2

Adenovirus Type 3b

Adenovirus Type lZa

Buovyant Density (g/cmil

1,289
1.292
L...299
1.334
1.344

1.353

Buoyant Density (g/cm3l

1,298
1.307

1.355

Buovant Density (g/cm3)

1.289

1.301

1.325

1.327

1.338

1.35
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Table 1 (continued)

Adenovirus Type 16°

Band Designation Buoyant Density (gjcm31

I 1.298-1.307

I1 1.310-1.323

I1T 1.326

IV 1.330-1.338
V¥ ) 1.344

Vi 1.349-1.353

VII 1.363

VIII 1.38-1.39

Simian Adenovirus Type 7

Band Designation Buovyant Density (g/cm3)
Incomplete 1.30 + 0.02
Complete® 1.34 + 0.02

e
Bovine Adenovirus Type 3

Band Designation Buoyant Density (gigmBJ
IV 1.300
TII 1.302
II 1.338
I* 1.340
*designates complete infectious particles. “Wadell et al. (1973).
aBurlingham et al. (1974). dSchaller and Yohn (1973),

b
Prage et al. (1972). “Niiyama et al. (1975).
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Table 2

Incorporation of 3H-th)_rmidine into Incomplete Particles of Adenovirus

Adenovirus Type g

Band Density (g/cmB) Relative Specific Radioactivigyb
Ia 1.289 0.23
Ib 1.292 0.33
5 1.299 0.42
111 1.334 ; 1.00
v 1.344 1.24
v 1.353 1.49

Adenovirus Type 122

Band Density (g/cmS) Relative Specific Radioactivitzb
I 1.289 0.23
11 1.301 0.623
ITIa 1.325 0.96
I1I 1.327 1.00
v 1.338 0.75
v 1.35 0.73

Adenovirus Type 16°

Band Densigz_(g/cm?) cpm/HAU x 10—3d
I 1.298-1.307 0.5-2.0
II 1.310-1.323 6-15
IIX 1.326 25
v 1.330-1.338 27

v 1.344 40
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Footnotes to Table 2

8Burlingham et al. (1974).

PThe relative specific radioactivity = (cpm in band I-V/A280 of band
I-V) (cpm in band III/AZ80 of band III).

“Wadell et al. (1973).

d] HAU = the highest dilution of wirus which gives clear-cut agglutin-
ation when incubated with green monkey erythrocyte-
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increased in a similar manner in Ad 12 and Ad 2 incomplete particles
(Table 2).

Specific sized pieces of DNA were isolated and purified from
the particles of each incomplete band of Ad 2 and Ad 12 (Burlingham et
al., 1974). These pieces of DNA were characterized by sedimentation
coefficient and buoyant density (Table 3). The DNA has the density of
adenovirus DNA and hybridizes more efficiently with viral than with
cellular DNA. The DNA fragments from bands IV and V of Ad 2 each vyielded
two species on zonal sedimentation. One of these species cosedimented
with DNA from complete virions while the second species sedimented much
slower. The data from the more dense incomplete particles of Ad 12
suggested that the larger sized DNA may be parental DNA while the
smaller DNA fragment may be newly synthesized progency DNA.

4. Protein composition

The polypeptide composition of incomplete particles of adeno-
virus has been determined using SDS-polyacrylamide gel electrophoresis
(Edvardsson et al., 1976; Ishibashi and Maizel, 1974; Rosenwirth et al.,
1974; Wadell et al., 1973; Prage et al., 1972). The structural poly-
peptides of the capsid (hexon, penton, and fiber) were present in the
same relative amounts in incomplete particles and infectious virions
(Prage et al., 1972; Rosenwirth et al., 1974; Wadell et al., 1977},
However, the polypeptides of the core were different. Prage et al.
(1972) reported that the incomplete particles of Ad 3 lacked the major
core polypeptide V and polypeptides VI-VII which were present in infec-

tious virions. This observation was verified by Sundquist et al. (1973),

who also showed that these polypeptides were absent in incomplete particles
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Table 3

Characterization of DNA Extracted from

Incomplete Particles of Adenovirus?

Adenovirus Type 2

Band s° Density (g/cm>)
Ia 8.9 1.714
Ib 9.8 1.715
IL 15.6 ' 1.716
IIT 31.7 1.714
FRY 19.4 1.715
v 29.4 1.713

Adenovirus Type 12

Band 5 Density (g/cm3l
I 9.6 1.706
1T 15.5 1.706
I1Ia 28.1 1.704
v 18.5 1.706
v 22.0 1.705

aburlingham et al. (1974).

bS = sedimentation coefficient determined by zonal sedimentation in
5 to 207% sucrose gradients relative to a viral marker DNA,
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of Ad 2 (Figure 3). Similar results were reported for Ad 16 by Wadell
et al. (1973).

In addition to missing certain major core polypeptides, the
incomplete particles contained new polypeptides not present in complete
virions (Prage et al., 1972; Wadell et al., 1973; Rosenwirth et al., 1974;
Ishibashi and Maizel, 1974; Sundquist et al., 1973). Sundquist et al.
(1973) found five polypeptides in incomplete particles of Ad 2 and Ad 3
(Figure 3) which are not present in complete particles. Rosenwirth et
al. (1974) found polypeptides in incomplete particles of Ad 2 which
corresponded with virion polypeptides V, VI/VII, and VIII/IX except for
higher molecular weights. Amino acid analysis of the Ad 3 particles in-
dicates that the incomplete particles contain greater amounts of leucine,
glutamic acid, and aspartic acid but lesser amounts of arginine and

alanine than complete virions (Table 4; Prage et al., (1972).

C. Biological Properties

1. Infectivity

Complete virions are readily distinguished from incomplete
particles on the basis of infectivity. On the basis of mass, incomplete
particles have infectivity titers which are four or more orders of mag-
nitude lower than complete particles (Table 5). In each case it has
been impossible to determine whether the low infectivity of incomplet.
particles was due to the presence of contaminating complete virions.
Contamination could be due to physical trapping of complete wvirions in
the incomplete particle populations or to the tailing of complete parti-
cles as the gradients are dripped from the bottom of the centrifuge

tube. Burlingham et al. (1974) monitored purity of incomplete particle
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Polypeptide patterns of incomplete and complete particles
of adenovirus type 2 and 3. Incomplete and complete
particles from adenovirus type 2 and 3 were purified and
analyzed on 13% SDS-polyacrylamide gels. The gels were
stained with Coomassie blue and scanned in a Gilford
spectrophotometer at 550 nm. The anode is to the right,
and the absorbance is given in arbitrary units. The
peaks are numbered according to the nomenclature of Maizel
(1971). A, Polypeptide pattern of adenovirus type 2-
complete particles. B, Adenovirus type Z2-incomplete
particles. C, Adenovirus type 3-complete particles.

D, Adenovirus type 3-incomplete particles.

From Sundquist et al. (1973).



28.
Table 4

Amino Acid Composition of Ad 3 Particles®

Amino Acid Ad 3 Complete Virionb Ad 3 Incomplete Particlesb
Lys 3.8+ 0.1 3.9+ 0
His 1.4 + 0.1 1.6 + 0.1
Arg 8.5 + 0.2 5.6 + 0.2
Asp 12,3 % 0.2 13.2 + 0.2
Thr 8.0 + 0.1 7.5+ 0
Ser 6.6 + 0 7.2 + 0.1
Glu 7.7 £ 0.2 9.3 + 0.2
Pro 6.5 + 0.1 6.4 +0
Gly 7.8 + 0.1 7.0+ 0
Ala 8.7+ 0 7.7 + 0.1
Cys Trace 0.05 + 0.05
Val 6.3 + 0.3 6.1 + 0.3
Met 2.9 + 0.2 3.0+ 0.2
Ile 3.51+0 3:68 -+ 0
Leu 7.2+ 0 8.5+ 0.1
Tyr 4.9 +0 5.0 + 0.1
Phe 3.8+ 0 4,3+ 0

%Prage et al. (1973).

bResults are expressed as residues per 100 residues.
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Infectivity of Adenovirus Particles

29.

Band
Ia
Ib
11

IiT

v

Band
Incomplete

Complete

Band

II
I11a
IIT

IV

Ad 2

d
Specific Infectivity (PFU/OD?SO)

Ad 3P

FFU/ugc

8.3 x 102

1.8 x 10

7

3
- 1.2 x 10

7
- 5.1 %x 10

Ad 122

7
9.2 x 10

1

L.

1.

.5

0

2

3.6

2.

3

X

X

X

X

1.7 x 10

10

10

10

10

10

8

7

14

9

7

PFU/pg"

3

7
1.8 x 10

- 3.1 x 10

3

7
- 2.0 x 10

d
Specific Infectivity (PFU/OD,g,)

3.0 x 10

2.

25

5

6

1

.2

2.6

4.

7

X

X

10

10

10

10

10

4

4

6

14

3

6



30.

Table 5 (continued)

£
Ad 16
Band TCD, . /HAU®
I 2
11 7-45
111 450
v 1000
v ' 22,000

8Burlingham et al. (1974).
Pprage et al. (1973).

CFluorescent focus-forming units per ug of protein, determined on KB
cells using adenovirus type 2 anti-hexon serum. Protein was quan-
titated by the method of Lowry et al. (1951).

dPlaque forming unit determined from plague assays on HEK cells and
adjusted to an A280 = 1.00.

€Plaque forming units per upg of protein, determined by plaque assay
on HEK cells, Protein was determined by the method of Lowry et al.
(1951).

fadell et al. (1972).

8507 tissue culture infectious dose per hemagglutination unit. TCDS50
‘was determined on human fibroblasts by the method of Reed and Muench
(1938).
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preparations in the Model E analytical ultracentrifuge and could detect
no contaminating complete virions by this procedure. However they re-
ported that the incomplete preparations could contain a maximum of
0.01% contamination with infectious virions. Prage et al. (1972)
noted that incomplete particle preparations purified in preparative
CsCl equilibrium density gradients sometimes contained small amounts of
infectivity at the density of complete virions. Wadell et al. (1973)
reported similar observations for incomplete particle preparations of
Ad 16.

Dose response experiments indicated that Ad 3 and Ad 16 com-
plete virions follow single hit kinetics but the incomplete particles

deviate from this pattern (Prage et al., 1972; Wadell et al., 1973).

Interpretation of these results was impossible since: (1) contamina-
tion with complete particles could not be eliminated; (2) aggregation
of complete and incomplete particles was not determined and (3) inter-

ference and competition effects could not be determined.

2. T-antigen induction, cell killing, and inclusion body

formation

Mak (1971) studied the biological properties of T-antigen in-
duction, cell killing, and inclusion body formation by incomplete parti-
cles of Ad 12. He found that incomplete particles and complete particles
induced T-antigen and cell killing to about the same extent (Table 6).
The cell killing property could be diminished by treating both complete
and incomplete populations with UV, suggesting that this property was
the result of a genome function. Incomplete particles did not induce

inclusion bodies as readily as complete virions. However, incomplete
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particles could induce inclusion bodies more readily than they could
form plaques (Table 6).

3. Transformation

Schaller and Yohn (1974), compared the ability of incomplete
particles to transform embryonic hamster cells with that of infectious
virions. Transforming activity correlated with viral particles in both
Ad 12 and simian Ad 7 populations (Table 7). In the simian Ad 7 prep-
aration, the incomplete particles with a density of 1.31 g/cm3 contained
49% of the total viral particles and had 45.7% of the total transforma-
tion activity. The population containing 91% of the total infectivity
represented only 29.6% of the total particles and had 19.3% of the
transforming activity. Therefore in these studies the transforming
ability of the incomplete particles appears similar to that of the
complete virions.

4. Tumorigenicity

Incomplete particles apparently induce tumors in newborn ham-
sters. 1Igarashi et al. (1975) reported that bovine Ad 3 incomplete
particles were as efficient in tumor induction as the infectious, com-
plete particles (Table 8). Yohn (1973) observed that male hamsters
were less susceptible to tumor formation by oncogenic adenoviruses than
female hamsters. Schaller and Yohn (1974) found th- Ad 12 complete
particles produced a higher incidence of tumors in the total hamster
population, than did the incomplete particles. The female subpopulation
was equally susceptible to tumor development when inoculated with com-
plete or incomplete particles (Table 8). Incomplete particles of simian

Ad 7 induced tumors in both male and female hamsters (Table 8).
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Table 6

Induction of T-antigen, Cell Killing, and Inclusion Body Formation

by Ad 12 Particles”

Inclusion d .
Infectivity BodyC T-antigen Cell Killing
Band (PFU/ml1) Induction Induction Ability
6
Iab 8.6 x 10 77 38 5.9
IT1 0.77 x ].O6 93.7 42 5.9

8Adapted from Mak (1971).

bDetermined by plaque assay on KB cells.

CExpressed as % without inclusion bodies. Greater than 1600 HEp2
cells were fixed with acetic acid-alcohol (1:3) and stained with
oricin.

dEXprESSEd as 7% without T-antigen based on greater than 1600 HEp2
cells infected for 48 hr with Ad 12. The cells were fixed in CCl4
stained with fluorescein-labeled antiserum from hamsters bearing
Ad 12 induced tumors, and washed extensively.

eExpressed as % of cells surviving based on clone forming ability.
Survival is expressed as the percent of noninfected control cells
which clone at an efficiency of about 70%.
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Table 7

Correlation of Transforming Ability with Particle Content

and Infectious Activity in Adenovirus Particles?

b
Density % Viral % Infectious® % TransformatiOnd
Virus (g/cm3) Particles Activity Activity

Ad 12 1.274 + 0.012 1.2 3.7 0.4
1.294 + 0.009 66.3 3.7 39.2
1.311 + 0.008 1.8 5.6 2.4
1.336 + 0.018*  30.7 87.0 58.0

Simian

Ad 7 1.289 + 0.011 0.1 1.0 3.7
1.310 + 0.011 49.0 0.8 45.7
1.330 + 0.009 20.3 7.1 31.3
1.347 + 0.008% 29.6 91.1 19.3

Modified from Schaller and Yohn (1974).
bDetermined from optical density at 260 nm.

“Determined by fluorescent focus assay on HEp2 cells.

dpetermined at input multiplicities of 64 or 160 wviral particles per
cell.

* ; .y
Designates complete virions.
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Table 8

Tumor Formation in Newborn Hamsters Inoculated with Adenovirus

Particles Bovine Ad 3° ad 12° Simian Ad 7"
Virus Injected Total Male Female Total Male Female Total

Incomplete® 107 2/2

10° 4/8

10° 2/3

197+ 8 0/5 ~1/2 1/7

10° o/4  1/1 1/5 172 2/4 3/6
Complete 107 5/5

10° 9/10

10° 0/7

197+ 8 3/6  2/4  5/10

10° o/3 1/3  1/6 1/5 - 1/5

8From Igarashi et al. (1975).
PFrom Schaller and Yohn (1974).

®Incomplete particles of bovine Ad 3 had a density of 1.338 g/cm3 and
contained less than 0.l% contamination with complete virus as measured
by plaque assay.

Incomplete particles of Ad 12 and SA 7 had a mean density of 1.30 g/ml
and represented pooled sections of CsCl equilibrium density gradients
containing adenovirus.
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D. Incomplete Particle Production

The relative proportion of incomplete particles produced
varies with the type of adenovirus used for the infection. Adenovirus
type 3 produces about 30% incomplete particles (Prage et al., 1972)
while adenovirus type 12 incomplete particles represent about 10% of
the total viral particles (Burlingham et al., 1974). For a given type
of adenovirus the incomplete particles are produced in constant relative

amounts regardless of the multiplicity of infection (MOI) or the passage

number (Rosenwirth et al., 1974; Burlinghaﬁ et al., 1974). The relative

proportion of incomplete particles is not altered by changing the serum
concentration of the medium, increasing the vitamin or amine acid com-
position of the medium, or by increasing the concentration of arginine.
The physical properties of the incomplete particles are not altered by
replication in different host cells (Burlingham et al., 1974).

The time course of incomplete particle production indicates
that the incomplete particles are produced exponentially, concurrently
and proportionélly with infectious virions (Sundquist et al., 1973;
Rosenwirth et al., 1974). Figure 4 indicates that the incomplete parti-
cles and virions are first detectable about 13 hours after infection
when an MOI of 25 is used. The same result was also reported by Sund-

quist et al. (1973).

E. Role of Incompletes in Viral Assembly

The role of the incomplete particles during infection has
generated considerable interest. Protein labeling studies indicate

that radioactivity first appears in incomplete particles. Following a
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Time course of appearance of Ad 2 virions and incemplete
particles in Ad 2-infected KB cells. KB cells growing
in suspension culture were infected with 25 or 100
PFU/cell of complete virions of Ad 2 purified by three
cycles of equilibrium centrifugation in CsCl density

0D 3¢ incomplete particles

p..--.g
.--—a

gradients. At time intervals after infection, as indicated,

virions and incomplete particles were isolated from 500-ml
portions of the infected cultures and purified. Virions
and incomplete particles were quantitated after purifi-
cation by their absorbance at 260 mm. The absorbance
values at 260 nm were measured in suitable dilutions

and were not corrected for light scattering. Note the
different scales used for the quantitation of the com-
plete virions (ordinate on the left) and the incomplete
particles (ordinate on the right). p---g , Incomplete
particles, multiplicity 100 PFU/cell; m---m , incomplete
particles, multiplicity 25 PFU/cell; o—o0o , complete
virions, multiplicity 100 PFU/cell; ¢_—¢ , complete
virions, multiplicity 25 PFU/cell.

From Rosenwirth et al. (1974).



38.

lag of 60-80 minutes, the labeled protein becomes detectable in com-
plete virions (Sundquist et al., 1973). These results, illustrated in
Figure 5 suggested the possibility of a precursor-product relationship
between the incomplete particles and the infectious virions. Sundquist
et al. (1973) found that inhibiting protein synthesis immediately
following the addition of radicactive label drastically reduced the
synthesis of both incomplete and complete particles. Howewver,; the
effect seemed to be greater on the incomplete particles. '

Protein labeling, pulse-chase exberiments by Ishibashi and
Maizel (1974) indicated that the label was first incorporated into the
incomplete band Ia of Ad 2. After 17.5 hours of chase the label was
predominantly in band Ib (Figure 6). Five polypeptides were shared
between bands Ia,b and the virions. These polypeptides did not accumu-
late in the complete virions but were apparently precursor molecules

which were further processed.

III. The Incomplete Particles of Other Viruses

Incomplete or defective virus particles have been described
for many DNA and RNA animal viruses. These incomplete particles differ
from incomplete particles of adenovirus since they exhibit the Von Magnus
phenomenon. Von Magnus (1954) first descrit ' a biological property
associated with defective particles of influenza virus. He observed
that following inoculation of fertilized eggs with high MOI or with
virus of undiluted passage, the titer of the resulting virus decreased.
This decrease was due to particles which interfered with the replication

of infectious progeny virus. These interfering particles were identified
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Precursor-product relationship between incomplete and
complete particles of adenovirus type 2. 3H-amino acids
were used to pulse label Ad 2 infected KB cells for 5

min at 15 hr following infection. Following a chase with
medium enriched with excess unlabeled amino acids, nuclear
extracts of the cells were prepared and centrifuged at
71,000 x g for 85 min in 5-20% high salt-sucrose gradients.
The radioactivity in the peaks of incomplete particles (e)
and complete particles (<) was determined and is plotted
here as a function of time after pulsing.

From Sundquist et al. (1973).
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Radioactive labeling of Ad 2 incomplete particle bands

Ia and Ib. Hela cells infected with Ad 2 for 23 hr were
pulse labeled with 35S-methionine for 25 min and chased
with medium containing excess unlabeled methionine for

20 min, 1 hr, or 17.5 hr. After CsCl equilibrium density
gradient centrifugation, the radiocactive peak fractions
representing incomplete particle -ere mixed with purified
incomplete Ad 2 particles which ti=d been labeled with 3u-
methionine from 23 to 41 hr after infection. The mixture
was layered on preformed CsCl gradients ranging in deasity
from 1.2 to 1.34 g/em3. After centrifugation for 3 hr at
25,000 rpm in an SW 27 rotor, twenty drop fractions were
collected from the bottom of the tubes. The sedimentation
profiles of 353-activity in top components at 20 min, 1 hr,
and 17.5 hr of chase with that of JH-labeled reference top
components are shown above.

From Ishibashi and Maizel (1974).



41.
by their low infectivity to hemagglutination ratio. The number of
interfering particles increased with further undiluted passage and were
termed defective particles. The Von Magnus phenomenon has been reported
in VSV (Vesicular Stomatitis Virus) (Bellett and Cooper, 1959), Rift
Valley Fever virus (Mims, 1956), fowl plague virus (Rott and Scholtis-
sek, 1963), Sendai virus (Kingsbury et al., 1970), Polyoma virus
Blackstein et al., 1969), and SV 40 virus (Uchida et al., 1966).

The physical properties of incomplete particles from other
viruses are similar to the incomplete particles of adenovirus. Defec-
tive particles of Shope papilloma virus (Breedis et al., 1962), Polyoma
virus (Blackstein et al., 1969), ECHO virus (Halperen et al., 1964),
Sendai virus (Kingsbury et al., 1970), Reovirus (Smith et al., 1969),
and SV 40 virus (Yoshiike, 1968) have been separated from the infec-
tious particles by isopycnic banding in the ultracentrifuge., Under the
electron microscope the morphology of these defective particles appears
identical with virions. An exception, the defective VSV particles have
a spherical shape while the infectious virions have the characteristic
bullet shape (Huang et al., 1966).

Defective particles of influenza contain small fragments of
RNA but they lack the large species of RNA found in infectious virions
(Duesberg, 1968). Incomplete particles of Sendai virus also lack a
major species of RNA, but they contain small fragments of RNA (Kings-
bury et al., 1970). The RNA fragment contained in incomplete particles
of VSV was one-third the size of the infectious genome (Huang and Wagner,
1966). In contrast, no RNA could be detected in incomplete particles

of REO (Smith et al., 1969) or ECHO (Halperen et al., 1964).
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Incomplete particles of polyoma virus contain one-half and
three-fourth genome fragments of supercoiled DNA (Blackstein et al.,
1969). Defective particles of SV 40 contain supercoiled DNA which is
12% shorter than DNA from infectious particles. This shortened DNA is
not infectious (Yoshiile, 1968; Uchida and Watanabe, 1969). Brockman
et al. (1973), showed that the composition of DNA from detective parti-
cles of 3V 40 changed with serial undiluted passage. The first four
passages resulted in defective particles which contain only viral DNA,
however following the 13th passage almost all of the DNA was cellular
with just a fraction of viral DNA attached.

Although protein composition has not been studied on most of
these particles, incomplete particles of influenza (Ada and Perry, 1958;
Lief and Henle, 1956) and VSV (Huang et al., 1966) have been shown to
be antigenically similar to their corresponding infectious particles.
The complete and incomplete particles of reovirus were shown to have
identical polypeptide compositions (Smith et al., 1969). Maizel et al.,
1967), showed that incomplete particles of polio lacked a major poly-
peptide but contained a different peptide not present in infectious
particles.

Kingsbury and Portner (1970) reported that irradiated incom-
plete particles of Sendai virus could no* -eplicate even in the
presence of complete particles indicating that the incomplete genomes
played a role in their replication. Huang and Wagner (1966) described
similar results with irradiated incomplete particles of VSV. Defective
particles of SV 40 transform cells as efficiently as complete particles.

T-antigen production was equivalent in cells transformed by complete or
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defective particles of SV 40 (Uchida and Watanabe, 1969), and defective
particles of SV 40 are tumorigenic (Uchida and Watanabe, 1968).

Huang and Baltimore (1970) proposed that incomplete particles
which result from the Von Magnus phenomenon have an integral role in
viral disease processes. They proposed a model for defective particle
replication which would allow for acute and persistent viral infection
(Figure 7). The model proposes that one infectious virion gives rise
to more infectious virions. Occasionally a defective particle is pro-
duced. The defective particle reproduces élong with the wvirions, but
it interferes with virion production. Eventually the defective parti-
cles become the predominant species. However, as the infectious virion
population decreases, the incomplete or defective virus population must
also decrease. As this decrease in population occurs, immunological
reactions are able to eliminate the infection. If, however, the con-
centration of infectious particles remains very low and is not elimin-
ated by antibodies, the defective particles will not be able to repli-
cate. In this instance, the infectious virion population can build up

and allow a new cycle of infection.
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A model for the role of defective (DI) particles in
viral infections. The model proposes that defective
particles arise randomly during infection of cells with
standard virus. A defective particle cannot be repli-
cated unless a standard wirus particle is also present
in the same cell.

From Huang and Baltimore (19
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THE INCOMPLETE PARTICLES OF HUMAN ADENOVIRUS TYPE 3

I. Characterization of Physical and Chemical Properties

Abstract

When human adenovirus type 3 is replicated in KB cells and
is purified by equilibrium density gradient centrifugation, several
populations of virus particles can be observed as light-scattering
bands. B5ix discrete populations of Ad 3 particles have been identified
in the analytical ultracentrifuge and have mean densities of 1.2787,
1.2913, 1.2945, 1.3030, 1.3139, 1.3315, and 1.3595 g/cm3, respectively.
The buoyant density of thé particles and the incorporation of tritiated
thymidine into the particles indicates that all of these particles con-
tain DNA. Most of the DNA within the incomplete particles and the com-
plete virions is resistant to degradation by pancreatic DNase. The
nucleic acid was extracted from highly purified incomplete and complete
virions. The nucleic acid from both types of virions hybridized better
to viral DNA than to cellular DNA. The nucleic acid extracted from
both types of particles were readily degradad by DNase. When the DNA
from either the complete or the incomplete particles were incubated

3

with pronase about 5% of the "HTdR label was solubilized.

Introduction

Incomplete virus particles were first associated with adeno-
virus by Smith (1965). These particles had virion-like morphology but

differed from complete infectious virions by buoyant density. Thus the



46.
various types of virus particles could be separated by equilibrium
sedimentation in CsCl density gradients. Incomplete particles have
been associated with adenovirus types 2, 3, and 12 (Prage et al., 1972;
Burlingham et al., 1974; Wadell et al., 1973; Schaller and Yohn, 1974;
Niiyama et al., 1975). The physical and chemical properties of adeno-
virus types 2 and 12 incomplete particles and virions have been well
characterized by Burlingham et al. (1974).

Prage et al. (1972) first described the incomplete particles
of adenovirus type 3. They noted that incomplete particles with a low
buoyant density were produced in large proportions. About 30% of the
total viral particles were isolated as two discrete populations of in-
complete particles. They reported that the buoyant density of these
two populations of incomplete particles was 1,307 and 1.298 g/cm3
respectively and the buoyant density of the complete Ad 3 particles
was 1.355 g/cm3.

We find that Ad 3 purified by equilibrium density gradients
contain additional discrete bands of incomplete virions. When complete
Ad 3 virions are co-sedimented in the analytical ultracentrifuge with
purified complete Ad 2 virions, the Ad 3 virions are less dense. From
the reported densities, one would expect the Ad 3 particles to be more

dense. These two observations 1 to a critical analysis of the physi-

cal and chemical properties of the incomplete particles associated

with Ad 3.
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Materials and Methods

Cells, KB cells were obtained from the American Type Culture
Collection. They were grown as monolayers in prescription bottles with
Eagle's minimum essential medium (MEM) supplemented with 5% calf serum.

Virus. Human adenovirus types 2 and 3 (Ad 2 and Ad 3) were
obtained from the American Type Culture Collection. Virus was produced
by infecting monolayers of KB cells at a multiplicity of infection of
approximately 100 diluted into 0.25% bovine serum albumin (BSA) in
phosphate buffered saline (PBS). Each monblayer was inoculated with
10 ml of virus stock and incubated at 37°C for 2 hr with rocking every
15 min. Following adsorption, Eagle's MEM containing 10% calf serum
was added and the cells were incubated at 37°C for 48 hr or until the
cells had detached from the glass. Any cells remaining attached were
shaken loose and all of the detached cells were sedimented by centri-
fugation, resuspended in 5 ml of 0.25% BSA in PBS, and transferred to
a sterile vaccine vial. Following three cycles of freeze-thawing, the
cell lysate was homogenized by forceful expulsion through a 20 gauge
needle with a ld ml syringe. Cell debris was sedimented by centrifu-
gation at 1000 x g for 15 min. Supernatant fluid was collected for
virion purification.

Purification of complete and incomplete adenovirions. The

supernatant fluid containing the adenovirus was extracted three times
with equal volumes of 1,1,2-trichlorotrifluoroethane (Genetron 113),
The virions were purified from the aqueous phase by zonal sedimentation
in a discontinuous CsCl gradient. The discontinuous gradient was pre-

pared by placing 0.5 ml of CsCl in 10 mM Tris, pH 7.2, 1 mM EDTA (TE),
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with a density of 1.50 g/cm3 in a 5/16" x 2 3/8" cellulose nitrate
centrifuge tube. Then 2,5 ml of CsCl solution in TE with a density of
1.20 g/cm3 were carefully layered on the denser CsCl solution. About
1.5 ml of virus suspension was layered on top of each tube and sedi-
mented at 4°C and 50,000 x g for 1.5 hr. The complete and incomplete
virus particles collected on the cushion of CsCl with a density of
1.50 g/cms and were visualized by light scattering from trans-illumina-
tion. The virions were withdrawn directly through the tube by punc-
turing the side of the tube with a 25 gauge needle attached to a 1 cec
tuberculin syringe.

The partially purified virus was transferred to a new cellu-
lose nitrate centrifuge tube. This tube was then filled with a CsCl

3

solution with a density of 1.34 g/cm” for density gradient sedimentation.

Equilibrium was established by centrifugation at 4°C, 100,000 x g for a
minimum of 12 hours. The banded particles were visualized by trans-
illumination and collected from the side of the tube with a tuberculin
syringe. The purified particles were dialyzed against five changes of

PBS for cell experiments or TE for biochemical experiments.

Equilibrium sedimentation in the anglytical ultracentrifuge.

Analytical equilibrium sedimentation was done as described by Vinograd
and Hearst (1962). The refractive "~dices of the solutions and viral
suspensions were determined with an Abbé Refractometer at 25°C. From
0.015 to 0.020 optical density units of the respective populations of
virus particles was diluted in solutions of optical grade CsCl dissolved
in TE. The wmixtures were injected into 12 mm célls fitted with aluminum

filled Epon single sector centerpieces. Sedimentation was carried out
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in a Beckman Model E Analytical ultracentrifuge at 20°C and 75,000 x g.
When equilibrium was reached, photographs were taken on Kodak electron
image plates with the monochromator set at 265 nm. The photographs
were traced on a Joyce-Loebl scanning microdensitometer, and the dis-
tance between the rotor reference mark and the points of maximum con-
centration were measured. The actual densities of the samples were
determined by direct pycnometry. The methods and equations of Ifft

1. (1961) were used to calculate the buoyant densities.

et

Sedimentation of adenovirus particles in CsCl equilibrium

density gradients. Radioactively labeled Ad 3 was prepared by adding

Eagle's medium containing 5 uCi/ml 3H-thymidine (3HTdR) to the wvirus
infected cells following adsorption. A cell free extract from one 32
oz bottle was treated with DNase at{37°C for one hour. Following di-
alysis against PBS the sample was extracted with Genetron and mixed
with purified complete virions of Ad 2 labeled with 2000 cpm of 14C_
formate. CsCl solution with a density of 1.34 g/cm3 was added and
equilibrium centrifugation was carried out at 4°C and 100,000 x g in a
Type 40 rotor. Ten drop fractions of the gradient were collected from
the bottom into scintillation wvials. Ten milliliters of Bray's fluor
was added to each vial and the radicactivity determined at 4°C in a
Packard liquid scintillation spectrometer,

Optical density determinations. The optical density of virus

suspensions or DNA was determined in microcuvettes at 260 or 280 nm
with a Zeiss spectrophotometer.

Preparation of DNA. Adenovirus DNA was extracted according

to the methods of Doerfler (1968) and Burlingham et al. (1971).
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Purified virus particles were dialyzed extensively against TE. The
dialyzed virus was maintained at 4°C for 10 days or until the particles
precipitated. 5DS was added toc a final concentration of 0.5% and the
sample was incubated at 37°C for 30 min. One-tenth volume of pronase
was added and the mixture was incubated for 30 min at 37°C. Fresh
pronase was added and the incubation was repeated. The digested sample
was then extracted three times with an equal volume of phenol, three
times with an equal volume of ether, and dialyzed against five changes
of TE.

Cellular DNA was prepared by lysing KB cells in STE (0.5%
SD5, 10 mM Tris, 1 mM EDTA). The lysate was digested twice with pronase,
extracted with phenol and ether and dialyzed against TE.

DNA-DNA hybridization. DNA-DNA hybridization was carried out

according to the procedure of Denhardt (1966) with the washing proce-
dure of Packman and Sly (1968). Schleicher and Schuell B-6 filters
were heated to 80°C for 15 min in 6 x SSC (SCC = 0.15 M NaCl, 0.015 M
sodium citrate, pH 7.0). The filters were then washed with 5 ml of

6 x SSC. The DNA in 6 x SSC was denatured by heating in a boiling
water bath for 10 min. It was immediately diluted into 100 volumes of
ice cold 6 x SSC with swirling to insure rapid chilling. The denatured
DNA suspension was adsorbed by ps ing through a filter at not more
than 5 ml/min. The filters were washed with 10 ml of cold 6 x SSC,
placed in glass scintillation vials and vacuum desiccated overnight,
and then heated in an 80°C oven for 2 hrs. Approximately 96% of the
DNA adhered to the filters and less than 1% couid be eluted during the

remaining procedures. One ml of preincubation mixture (PM) containing
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0.05% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% bovine serum albu-
min in 3 x SSC was added to each filter and incubated at 80°C for 2 hr.
The PM was poured off and 5 ml of 3 x S5C were added. After incubation
with PM, filters with no bound DNA would absorb less than 0.05% of DNA
in the incubation solution.

The labeled DNA in 6 x S55C to be hybridized teo the filter-
bound DNA was sonicated with a Branson Sonifier for one minute with the
output control set to 4. This fragmented DNA in 6 x S5C was then de-
natured in a boiling water bath for 10 minﬁtes and quickly cooled in an
ice bath. The 3 x SSC was poured off the filter and 1 ml of the dena-
tured, labeled DNA was added to the vials containing the filters. After
incubating the vials at 65°C overnight, the filters were washed 6 times
with 20 ml of 0.01 M Tris HCl, pH 8.1 and transferred to scintillation
vials. They were dried overnight in a vacuum desiccator and then
counted in toluene fluor.

Enzymatic and KOH digestion. Radioactively labeled wvirus

particles or DNA were treated with one-tenth volume of DNase or RNase

at 37°C for up to 16 hours, or they were treated with KOH at a final
concentration of 0.3 M overnight. At various intervals, 100 pl samples
were removed and acid precipitated in 5% cold trichloroacetic acid (TCA).
Salmon sperm DNA (100 pg/sample) was included as a co-precipitate. The
acid precipitable material was collected on GF/C glass fiber filters.
The radioactivity on the dried filters was determined in toluene fluor.

Preparation of radioactive labeled virus. Following adsorp-

tion of Ad 3 to KB cells, Eagle's medium was added which contained 5

uGi 3H—TdR/ml or 20 uCi 32P/ml. The infected cells were incubated at

37°C and harvested at 48 hours.
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Results

KB cells were infected with AD 3 labeled with 3H TdR, lysed
by freeze-thawing and mechanical shear, digested with DNase, and ex-
tracted with Genetron. This Ad 3 virus preparation was mixed with
highly purified Ad 2 virions labeled with 14C—formate. The mixture
was centrifuged to equilibrium in a Beckman type 40 rotor at 100,000 x g
in 13.5 ml CsCl with a mean density of 1.34 g/cm3. The bottom of the
centrifuge tube was punctured, ten drop fractions were collected into
scintillation vials, suspended in 10 ml Bray's fluor and the radio-
activity was determined. The radiocactive profile is shown in Figure 8.
Purified Ad 2 virions are banded four fractions lower in the gradient

than the bulk of the 3

H TdR-Ad 3 radioactivity. This indicates that
the major population of 3H-Ad 3 particles has a lower buoyant density
than complete Ad 2 virions.

3H TdR radiocactivity suggests the presence of

The profile of
several populations of Ad 3 particles with distinct densities. These
populations are better detected by scanning the optical density of CsCl
equilibrium density gradients of Ad 3 lysates. After centrifugation to
equilibrium, the bottom of the tubes are punctured and seven drop frac-
tions are collected. The optical density of each fraction is determined
at 260 and 280 nm. Figure 9 sho - these optical density profiles. One
peak is more dense than the major peak and at least four peaks are less
dense than the major peak. The peaks are designated as bands I-VI
beginning with the least dense material. The 0D260/0D280 ratios of the

material in all the peaks is greater than 0.6, the ratio value of

material consisting only of protein. This suggests the presence of
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Cosedimentation of Ad 2 and AD 3 in a CsCl equilibrium
density gradient. A cell free extract containing AD 3
particles labeled with 3uTdr (X-X-X) was centrifuged to
equilibrium in CsCl having a mean dfasity of 1.34 g/cm’.
Purified Ad 2 virions labeled with “"C formate (e-e-s)
were included as an internal marker. The radicactivity
in counts per minute has been corrected for background
and radioactivity spillover.
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Optical density profiles of a CsCl equilibrium density
gradient containing a lysate of Ad 3 infected KB cells.
A KB cell lysate containing Ad 3 particles was added to
CsCl having a mean density of 1.34 g/cm” and centrifuged
to equilibrium at 100,000 x g. The bottom of the tube
was punctured and 7 drop fractions were collected.
Optical densities at 260 and 280 nm were determined for
each fraction with a Zeiss spectrophotometer.
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nucleic acid in these particles.

Although several bands of light-scattering particles were
visualized when CsCl equilibrium density gradients containing purified
Ad 3 were transilluminated, the main band (V) and one denser or two
closely spaced less dense bands (II) were most easily visualized. Two
additional less dense bands (III and IV) were routinely observed. Bands
were purified by three cycles of CsCl equilibrium density sedimentation
from seven different Ad 3 preparations. The buoyant densities of these
bands in CsCl were determined in the analyﬁical ultracentrifuge using
the method published by Ifft et al. (1961). Figure 10 illustrates the
frequency distribution of the buoyant densities. The histogram indi-
cates that six discrete populations of particles, designated I-VI, are
present. However, microdensitometer tracings of photographs from the
analytical centrifuge indicate that incomplete particles (II) in the
1.2850-1.2900 g/cm3 range are distributed into two distinct bands (Ila
and IIb). Purified band II was centrifuged to equilibrium in the ana-
lytical ultracentrifuge at 75,000 x g and photographed. The centrifugal
force was then reduced to 30,000 x g. After equilibrium was re-estab-
lished another photograph was made. Figure 11 illustrates the micro-
densitometric tracings. At a force of 75,000 x g a shoulder on the
less dense side of the major peak can be seen. When the force is re-
duced to 30,000 x g the shoulder separates from the major peak (IIb) as
a separate less dense peak (IIa). Electron microscopic analysis of
material from bands IIa and IIb indicates the presence of particles

which have the morphological appearance of adenovirions.
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FIGURE 10. Frequency distribution of buoyant densities of purified
Ad 3 viral particles. The buoyant densities were deter-
mined by CsCl equilibrium sedimentation in the analytical
ultracentrifuge.



FIGURE 11.

57.

L

Resolution of Ad 3 incomplete particle bands IIa and
ITb in the analytical ultracentrifuge. The bottom
tracing represents purified Ad 3 band II centrifuged to
equilibrium in CsCl and 75,000 x g. The top tracing
represents the same virus particles at equilibrium in
CsCl at 35,000 x g.
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The mean buoyant densities of the Ad 3 particles are pre-
sented in Table 9. Band I has a mean density of 1,2787 g/cms. This
value is greater than 1.25, the density of an empty adenovirus capsid
(Burlingham et al., 1974). The incomplete particles in band I probably
represent a very small percentage of the total particle yield since
visualization of this band is exceedingly difficult by trans-illumina-
tion of preparative CsCl gradients. The difficulty in detecting this
band in preparative gradients accounts for the low number of density
determinations represented in the histograﬁ.

The particles in band IIa have a mean density of 1.2913 g/cm3.
Band IIb usually represents a larger percentage of thé total particle
vield than band IIa. The particles in band IIb have a mean density of
1.2945 g/cm3. These two bands are always produced in large quantities
and are easily visualized in preparative gradients. The particles in
band III have a density of 1.3030 g/cm3 and those in band IV have a
density of 1.3139 g/cm3. The particles in band V are complete, infec-
tious virions. The mean density of the virions is 1,3315 g/cm3. The
particles in band VI have a density of 1.3595 g/cm3 and were purified
and analyzed twice in the analytical ultracentrifuge. This low number
of determinations reflects the difficulty in visualizing the band in
preparative g lients during purification.

The incomplete particles of Ad 2 and Ad 12 are produced in
constant proportion with repeated passage. An exception is Ad 12 band
IITa which increases in yield with repeated passage (Burlingham et al.,
1974). The effect of passage number on the production of Ad 3 incom-

plete particles was examined. Lysates of KB cells containing Ad 3 virus
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Buoyant Densities of Banded Virus Particles of Human Adenovirus

Type 3
Band Mean Density (g/cm3) SEM? Number of Determinations
I 1.2787 0.0009 4
I1a 1.2913 0.0019 5
1Ib 1.2945 0.0026 9
III 1.3030 0.0025 15
v 1.3139 D.0043 10
v 1.3315 0.0038 8
VI 1.3595 2

a3EM

= standard error of the mean.



60.

of passages 3, 4, and 5 from plaque purification were prepared by freeze-
thawing and mechanical shearing. Cell debris was sedimented and the
supernatant fluid was collected and extracted with Genetron. Each sam-
ple was layered on to a discontinuous CsCl gradient for zonal sedimen-
tation., After centrifugation at 50,000 x g for 1.5 hr, the virus
particles were visualized by light scattering from trans-illumination
and were withdrawn directly through the side of the tube. The optical
density of each sample was determined at 280 nm. Equal optical density
units of each sample were added to separaté cellulose nitrate centri-
fuge tubes and the tubes were filled with CsCl having a density of
1.33 g/cm3. The samples were centrifuged to equilibrium in a SW 56
rotor at 100,000 x g. The bottom of the tubes were punctured and 8
drop fractions were collected into conical centrifuge tubes. The absorp-
tion of each fraction was determined at 260 and 280 nm.

Figures 12, 13, and 14 show the profiles of absorbance at
280 nm for the gradients containing particles from passes 3, 4, and 5
respectively. The profiles representing the different passage numbers
are similar. The largest peak in the lower third of the gradient
represents band V, the complete virions. The shoulder appearing on the
less-dense side of band V has been designated as Va. The large broad
peak in the top ‘iird of each profile probably represents bands IIa and
IIb. Three peaks are present between the two major peaks of pass 3 and
possibly again in pass 5. Three peaks were observed in similar positions
in the optical density profile shown in Figure 9. With respect to these
three bands, the one nearest the top of the gradient probably represents

band III while the one nearest the virion peak is probably band IV. The
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Optical density profile of a CsCl equilibrium density
gradient containing purified Ad 3 particles from passage
#3. Virus particles were removed from a CsCl step
gradient gnd added to CsCl having a mean density of
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FIGURE 13. Optical density profile of a CsCl equilibrium density
gradient containing purified Ad 3 particles from passage
#4. Virus particles were removed from a CsCl step
gradient and added to CsCl having a mean density of
1.33 g/cm?. The particles were then centrifuged to
equilibrium at 100,000 x g in an SW56 rotor. The
bottom of the centrifuge tube was punctured and 8 drop
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Optical density profile of a CsCl equilibrium density
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fractions were collected for optical dens’ -y determina-
tion.
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middle peak (IIIa) probably represents an additional population of
incomplete particles which was not detected previously. This popula-
tion represents only a very small percentage of the total particles
produced and is not detectable as a light scattering band by trans-
illumination.

The effect of passage number on the production of Ad 3 parti-
cles is presented in Table 10. The incomplete particles in bands IlIa
and IIb are produced in approximately equivalent amounts to the virion
band V. The particles in these bands apparently are produced in con-
stant proportions in the three passages examined. The particles in
bands III, IIIa, and IV are produced in roughly equal amocunts. They
are also produced in constant proportions in the three passages examined.
Only band Va appears to increase cansistently with passage number. Band
Va is believed to be similar to band IIIa of Ad 12 described by Burlingham
et al. (1974) and exhibits an increasing concentration of defective
particles with passage number at high multiplicity.

The 0D260/0D280 values for Ad 3 particles are presented in
Table 11. These values suggest the presence of nucleic acid in all the
populations of particles., In general, the OD260/0D280 values increase
with increasing density of the bands indicating larger amcunts of
nucleic acid, presumably DNA, in the more dense populations. The optical
density ratio for each band remains constant with passage number.

Adenovirus type 3 particles from bands IIa and IIb are pro-
duced in large quantities. Therefore these particles were used as
representative incomplete particles in all of the further work. Nine

purified preparations of Ad 3 complete virions (V) and incomplete
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Table 10

Effect of Passage Number on Production of Ad 3 Particles

7% of total ODZSO contained in band number

Passage

Number 1 ITaIlb II1 IIla v Va v VI
3 9.13 37.67 4.83 4.98 5.68 8.43 30.35 1.20
4 5.53 39.16 6.02 = 9.21 11.,9% 31.34 1.50

5 0.32 33.75 5.8 2.6% 4,61 15.20 44,14  3.48
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Table 11

Optical Density Ratios of Ad 3 Incomplete Particles and Virions

oD /0D of band number
Passage 260 280
Number I ITaTib IIT IIia v Va v VI
3 0.92 1.02 0.96 0.95 0.8 1.0l 1.04 1.59
4 0.94 1.02 1.02 -- 1.01 1.06 1.12 1.17
5 - 1.06 1.11 1.12 1.14 1.17 1.18 1.27
X 0.93 1.03 1.03 1.03 1.02 1.08 1.11 1.34
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particles (II) were used for optical density measurements at 260 and
280 nm. The purified incomplete particles had a mean OD260/OD280 of
1.022 + 0.033. The mean ODygg/0Dpgg ratio for virions was 1.180 +
0.135. These values indicate the presence of nucleic acid associated
with both types of particles and that the nucleic acid to protein ratio
is higher for virions than for incomplete particles., Some of the virion
preparations had optical densities greater than 1.0 and these were not
diluted. Therefore the large standard error in the ODy.,/ODogy determin-
ation is probably a result of light scattering effects.

3H—thymidine, the nucleic

Since the virions are incorporating
acid is presumably DNA. Adenovirus DNA packaged within virions is re-
sistant to degradation by DNase but DNA outside the virion is suscep-
tible. The DNA associated with incomplete virions was examined for

resistance to DNase degradation. Ad 3 labeled with 32

PO4 was incubated
with DNase at 37°C. At intervals, samples were withdrawn, acid pre-
cipitated, and the acid precipitable counts were determined. The re-
sults of this experiment are shown in Figure 15. Purified DNA extracted
from virions was almost totally degraded during the first five minutes
of incubation while the DNA associated with the virions remained acid
precipitable. After 180 minutes of incubation 82% of the total radio-
activity in the virion preparation remained aci Jrecipitable while 56%
of the total radiocactivity in the incomplete particle preparation was
precipitable. Therefore the DNA is within the virions but the DNA
packaged within incomplete particles is more susceptible to degradation

by DNase than DNA packaged within complete virions. It is also possible

that the incomplete particle preparation may have contained more
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FIGURE 15. Effect of DNase on DNA associated with AD 3 wviral
particles. Purified 32p_1abeled Ad 3 complete (V),
SX-X-X), or incomplete particles (II), (0-0-0), or
HTdR-labeled Ad 3 DNA (»-e-8) were incubated at
379C with pancreatic DNase. At intervals, 100 ul
samples were withdrawn, acid precipitated and counted.
Similar results were obtained when the virus particles
were labeled with JHTdR.
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contaminating DNA than the virion preparation although the kinetic
data do not support this alternative. The data also indicate that the
limited degradation reaction occurs more quickly in the incomplete
virions than in the complete particles. This suggests that the DNA is
more accessible in the incomplete particles. The DNase resistant label
within virions reached a constant level within the first ten minutes of
incubation while the DNase resistant label within the incomplete parti-
cles did not become constant until 40 minutes of incubation. This may
be due to the reported fragility of incompiete virions.

The DNA was extracted from purified 31-1 TdR labeled Ad 3 incom-
plete and complete virions. The DNA from each type of particle was
characterized by 0D260/OD280’ specific radiocactivity, and hybridization
to KB cell and Ad 3 virion DNA. These results are presented in Table
12, The OD260/OD280 ratio of DNA extracted from incomplete particles
is lower than that of virion DNA. This result may indicate either
greater protein contamination in the incomplete particle DNA sample or
a smaller molecular size of the DNA. The specific radiocactivity of the
incomplete particle DNA was about 7% of the specific radioactivity of
virion DNA, The DNA from complete and incomplete virions hybridized
better to Ad 3 virion DNA than to KB cellular DNA. The DNA extracted
fror omplete Ad 3 virion and incomplete particles hybridized equally
well to Ad 3 DNA however, twice as much DNA from incomplete particles
hybridized with KB cell DNA than did DNA from complete virioms. This
result suggests that incomplete particles might contain some host cell
DNA or that the viral DNA in incomplete particles are enriched for some

sequences complementary to KB cell DNA.
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Table 12

Characterization of DNA Extracted from Complete Virions

and Incomplete Virions of Ad 3

Specific® % gk %, Hybridized
Radi tivi Eorbmet et zet, oy to Control
DNA OD260/0D280 adioactivity 2 3 X8
Incomplete 1.49 1583.74 17.00 6.8 96.4
(I1)
Complete 1.77 11299.00 17.63 3.25 100
(V)

4specific radiocactivity = total cpm/total ODygq.
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The DNA extracted from purified complete (V) and incomplete
(L) particles were further examined for resistance to degradation by
DNase, pronase, and KOH. The radicactively labeled DNA samples were
incubated at 37°C with DNase, pronase, or KOH. At intervals aliquots
were withdrawn, acid precipitated, and counted. The results of these
experiments are illustrated in Figures 16 and 17. Pancreatic DNase
rapidly digested all but 3-47 of the radiocactive DNA of both the com-
plete and incomplete particles within the first twenty minutes of incu-
bation. Pronase digested 7-8% of the radiéactivity associated with the
DNA from either complete or incomplete particles. This decrease in
counts could be due to contaminating nucleases but the possibility of
protein linkers or binding proteins associated with the DNA cannot be
eliminated. Incubation of incomplete particle DNA with KOH indicated
that no RNA was present. However KOH digested 12% of the radioactivity
associated with DNA from the complete virioms. Since a sample was
taken at only one time point, this decrease is most probably due to

experimental error.

Discussion

Lysates of Ad 3 infected KB cells contain populations of viral
particles which have distinct buoyant densities. Analysis of purified
Ad 3 particiczs in the analytical and preparative centrifuge indicates
that eight distinct populations may be present. Complete Ad 3 virions
have a buoyant density of 1.3315 g/cm3 and are designated as bamnd V.
Prage et al. (1972) reported that the density of Ad 3 virions was 1.355
g/cm3 and Sundquist et al. (1973) reported a value of 1.34 g/cm3. How-

ever, these determinations were made from preparative gradients.
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FIGURE 16. Effects of enzymes and KOH on the nucleic acid extracted
from Ad 3 incomplete particles. 5 ug DNA extracted from
Ad 3 bands IIa and IIb labeled with ~“HTdR was incubated
at 37°C with pancreatic DNase ( ), pronase
(X-X-X) or 0.3 M KOH (---). At intervals 100 pl samples
were removed, acid precipitated, and the acid insoluble
radiocactivity was determined by liquid scintillation
counting.
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counting,
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The most predominant incomplete bands, IIa and IIb, are
present in large quantities and have densities of 1.2913 and 1.2945
g/cm3 respectively. Band IIb usually contains more particles than band
ITa. These two bands are probably the same as the incomplete bands
characterized by Prage et al. (1972). Band III with a buoyant density
of 1.3030 g/cm3 and band IV with a buoyant density of 1.3139 g/cm3 are
usually present in quantities large enough to be visualized by light
scattering., However band I with a buoyant density of 1.2787 g/cm3 and
band VI with a buoyant density of 1.3595 g/cm3 are not easily seen.

More analyses are necessary to verify the densities of the particles
in these two bands.

The buoyant densities of all the incomplete bands are greater
than the buoyant density predicted for a capsid composed only of protein.
Significant differences in 0D26O/OD280 were noted between complete and
incomplete virions. The lower value of this ratio for incomplete par-
ticles supports the presence of a small amount of nucleic acid in these
particles. The mean ODZGOIODZSO value for Ad 3 bands IIa and IIb re-
ported in this paper is slightly higher than the value reported for Ad 2
bands Ia and Ib (0.94 and 0.98 respectively), and for Ad 12 band I (0.81)
by Burlingham et al. (1974). The mean OD260/0D280 value for complete
Ad 3 virions reported here (1.18) is lower than the value determined
for complete Ad 2 virions (1.34) and complete Ad 12 wvirioms (l.31) by
Burlingham et al. (1974). This lower value is probably due to light
scattering effects since concentrated samples were not diluted.

3

The labeling of incomplete particles with “H TdR supports the

presence of DNA as the nucleic acid. The DNA within both complete and
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incomplete particles was relatively resistant to DNase digestion. A
greater percentage of the radiocactive counts in the incomplete particle
sample became soluble. The degradation reaction occurred more rapidly
for the DNA within incomplete particles than the degradation reaction
for the DNA within complete virions. These results might be due to
differences in packaging of DNA in complete virions and incomplete par-
ticles or differences in the structure of the particles. Prage et al.
(1972) reported that the major virion core polypeptides V and VI-VII
are missing in Ad 3 incomplete particles. A number of other investi-
gators have reported differences in the core polypeptide composition of
adenovirus incomplete particles and complete virions (Résenwirth et al.,
1974; Ishabashi and Maizel, 1974; Wadell et al., 1974). Perhaps these
differences in DNA packaging accounts for the greater amount of diges-
tion of incomplete particle DNA. A major portion of the DNA from both
complete and incomplete particles is protected from DNase action over
an extended period of incubation. This protection is presumably due to
a similar protein coating over the nucleic acid.

The DNA is extractable from complete and incomplete particles
of Ad 3. While the DNA of incomplete particles hybridizes better with
Ad 3 DNA than with KB cell DNA, it does hybridize with KB cell DNA to
some extent. I 1appears to hybridize about 2 times better to KB cell
DNA than does the DNA from complete virions. This could indicate that
incomplete particles contain some KB cell DNA fragments or that the DNA
in the incomplete particles is enriched for sequences complementary with

KB cell DNA.
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The biological role of the incomplete particles during in-
fection is still not understood. The particles may be errors resulting
from the assembly process. However, they do not arise from the virus
inoculum and they appear simultaneously with progeny virions (Rosen-
wirth et al., 1974). Phillipson and co-workers have suggested that
incomplete particles serve as precursor molecules to infectious virions
(Sundquist et al., 1973; Ishibashi and Maizel, 1974; Edvardsson et al.,
1976). They propose a model in which empty capsids are first assembled
containing precursor polypeptides. Cores are later inserted and modi-
fications of the precursor polypeptides convert the intermediates to
infectious virions. This model is based solely on protein labeling
pulse-chase experiments. DNA pulse-chase labeling experiments would
further substantiate or refute this model. Schaller and Yohn (1974)
have suggested that the incomplete particles may have a biological role
in determining oncogenic and transformation potentials of adenovirus
populations. This role has not been supported by experimental evidence

and therefore requires additional investigation.
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APPENDICES

I. Supplementary Information for Analytical Ultracentrifugation

A. Calibration of the Rotor Temperature Indicator Control (RTIC)

A precision mercury thermometer was calibrated against 6 phys-
ical constants for five chemicals (Figure 18). This calibrated thermom-
eter was placed in the thermometer holder and silicon o0il was added to
provide good thermal conduction., The holder and thermometer were then
inserted into rotor ANF #386, and the rotor was chilled to 4°C or
warmed to 37 °C.

The RTIC needle was balanced to zero, then a 106 ) resistance
was inserted to insure that the circuitry was operating properly. The
reading of the test resistance was 5394 and has remained constant
throughout the use of the machine. The test resistance was removed and
the thermal calibration stand was inserted. The chilled or warmed rotor
was placed in the stand. At intervals, the RTIC was rebalanced, the
range and balance were determined, and these values were recorded along
with the corresponding temperature. A plot of range-balance readings
as a function of temperature is shown in Figure 19. Within a single
range, all balance readings were linear. However the equations of the
lines for diff:rent ranges were not equivalent. The shifts which
occurred with the changes in range are due to inherent properties of

the instrument's electronic circuits.
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Temperature calibration of precision mercury thermometer
NBS 61663. Boiling points were determined with mercury
thermometer NBS 61663 for distilled Hy0 ( @ ), methanol
(@), Genetron ( O ), dichloromethane ( x ), and
diethyl ether ( © }. The melting point of distilled
water ice ( ® ) was also determined. The experimental
values were corrected for barometric pressure.
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FIGURE 19. Temperature calibration of rotor ANF #386. A calibrated
thermometer was placed in a holder and inserted into
rotor ANF #386. The rotor was then chilled to 4°9C or
warmed to 37°C. The rotor was placed in a calibration
stand which was plugged into the analytical ultracentri-
fuge. At intervals the range and balance readings were
determined and the corresponding temperature was recorded.
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B. Calibration of the Counterbalance and Determination of the

Optical Magnification Factor

The distance between the reference marks in the counterbalance
was measured with a microcomparator. The mean distance was found to be
15.876 + 0.001 mm, To determine the magnification factor of the photo-
graphic system, the counterbalance was positioned in the rotor opposite
a balanced empty cell. The rotor reference hole was plugged. When a
speed of 12,000 rpm was reached the monochromator was adjusted to 265
nm and a series of photographs was taken of the counterbalance. Begin-
ning with a focal length of 3.0" the distance was increased by 0.5" for
each successive photogfaph. The photographs were traced with the Joyce-
Loebl microdensitometer, and the distances between the reference marks
were measured for each picture. The optical magnification factor, de-
fined as the measured distance between the reference marks on the tracing
divided by the actual distance determined with the microcomparator, was
calculated for each focal distance. A plot of magnification factor as

a function of focal length is shown in Figure 20.

C. Determination of the Focal Point for Rotor ANF #386

A focal length series (5 1/8" to 6 7/8" at 1/8" intervals) was
taken of a CsCl filled plane windowed cell with the monochromator set at
265 nm and tracings were made of the meniscus at each focal length. The
result was a parabolic curve, shown in Figure 21. The theoretical curve
for this type of parabola is represented by the equation:

y = p(x-a)2 + b where (a,b) are the coordinates of the minimum point
and p is a constant. Determination of the theoretical equation which

best fit the experimental data was done iteratively. The best
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FIGURE 20. Optical magnification factor as a function of focal
length. A focal series from 3.0 to 7.0" at 0.5"
intervals was taken of the plane windowed cell at 265
nm. The photographs were traced with the Joyce Loebl
microdensitometer. The optical magnification factor
was determined by dividing the measured distance on
the tracing by the actual distance between the reference
holes in the counter balance which was determined with
the microcomparator,
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theoretical curve for the actual data was determined to be;
y = 1.401 (x - 6.228)2 + 1.756. The focal point was determined by
setting the first derivative of the theoretical equation equal to zero
and solving for the X value. The focal point for rotor ANF #386 was

calculated to be 6.228" at 265 nm.

D. Determination of the Distance from the Bottom of the Cell

to the Reference Mark

The four cells were placed in ANF rotor #386 and were spun at
12,000 rpm. Two photographs were taken of each cell at 265 nm. The
bottom portion of each photograph was traced on the Joyce Loebl micro-
densitometer a minimum of six times, and the distance between the bottom
of the cell and the reference mark was measured. The average distances
were found to be as follows: cell #1, 1.19 cm; cell #2, 1.19 cm;

cell #3, 1.28 cm; cell #4, 1.15 cm.

E. Determination of CsCl Density by Direct Pycnometry

Following each run in the analytical ultracentrifuge the cells
were removed from the rotor and inverted several times to insure mixing
of the contents., The contents were withdrawn with a 1 ce tuberculin
syringe and frozen in a small sealed tube until pycnometry was carried
out.

A 100 pl pipette was carefully cleaned and weighed a minimum
of five times on an analytical balance. The same pipette was then filled
with distilled water and weighed five times. It was dried and filled
with CsCl solution from the ultracentrifuge cell and weighed in the same

manner. The volume of the pipette was determined by dividing the mass
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of the water by the density of water as recorded in the Intermatiomnal
Critical Tables. The density of the CsCl solution was then calculated
by dividing the mass of the CsCl solution by the determined volume of

the pipette.

F. Determination of Buovant Demnsity of Adenovirus Bands from

the Analvytical Ultracentrifuge Data

The methods and equations of Ifft et al. (1961) were used to

determine buoyant density of adenovirus bands, Measurements were made

on the tracings as shown in Figure 22. The following quantities were

determined:
Rr = radius of the reference = 7.30 cm for all cells.
D, = mean density of cell contents determined by direct pycnometry.

R, = radius of the meniscus = R - (M) ( 6ﬁ§-) where OMF = optical

magnification factor.

R, = radius of peak X = R - (MX) ( 5%5

2 3 9
B = I8y - B (D) + B,(D)° - By(D)7] x 10
where BO = 47.9726
B, = 85.3724
By = 5L.7764
B, = 10.4312
Mm ] Mb
R,jq = radius of the midpoint in the ngl column = R, - ( 2 ) OMF
. ; _ W 2 2
dD = difference from mean density = 26 (RX Rmid )

where w = angular velocity in radians/second.
The buoyant density of peak X, Ay» was determined by the equation

P, = D, + dD.
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Tracing of a Mocdel E photograph taken with UV optics.
Mm = measurement from the meniscus to the reference
mark, Mx = measurement from the maximum of peak X to
the reference mark, Mb = measurement from the bottom
of the cell to the reference mark.




86.

1I. Supplementary Information on DNA-DNA Hybridization

A. Burton DNA Assay on DNA bound to Nitrocellulose Filters

The amounts of DNA bound to Schleicher and Schuell type B6
filters was quantitated as described by Burton (1961). The acetalde-
hyde and the glacial acetic acid used in the Burton reagent were freshly
distilled prior to the assay. Salmon sperm DNA was denatured and
applied to filters in the usual manner. The filters were washed,
placed in 13 mm test tubes, dried in a vacuum desiccator overnight, and
then placed in an oven at 80°C for 2 hours. A 1 ml volume of TE was
added to each tube followed by the additionm of 1 ml of 1.0 M perchloric
acid. After mixing, 4 ml of Burton reagent was added to each tube, and
all tubes were incubated at 30°C overnight. The samples were mixed
well and the absorbance at 600 nm was determined. The standard curve
for the determination of DNA concentration is shown in Figure 23. The
results indicate that the Burton DNA determination is quantitative for

DNA bound to nitrocellulose filters.

B. Saturation of Nitrocellulose Filters with DNA

Each lot of nitrocellulose filters differed in its capacity
to bind DNA. The saturation point of Schleicher and Schuell type B6
filters, lot #4285 (72975) was determir ., Increasing amounts of de-
natured salmon sperm DNA were applied to separate filters. The filters
were washed, and dried as usual. Burton DNA determinations were made
of the DNA bound to each filter and the absorbance at 600 nm was re-
corded. The pug of DNA bound was determined from the standard curve.

Figure 24 shows that the saturation point of lot #4255 (72975) filters
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Standard curve for the determination of the amount of
DNA bound to nitrocellulose filters. Salmon sperm DNA
was denatured and applied to filters in the usual
manner. The filters were dried overnight and baked for
2 hr at 80°C. DNA was assayed by the method of Burton
(1956). The absorbance at 600 nm was determined for
each concentration of DNA. Closed circles are experi-
mentally determined values. X's are theoret’ -1l points.



FIGURE 24.

88.

50

40

30
20f

10

ug salmon sperm DNA bound

1 1 1 | | |
6" 10 20 30 40 50 60 70 80 90 100
ug salmon sperm DNA applied

Saturation of S&S type B6 filters with salmon sperm DNA.
Increasing amounts of denatured salmon sperm DNA were
applied to separate filters. The filters were washed
and dried as usual. The method of Burton (1956) was
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occurred between 75 and 100 pg of salmon sperm DNA. The DNA binding
capacity of this lot of filters was unusually high, making it impracti-
cal to saturate the filters with the experimental DNA samples. In all
experiments, 10 pg of either cellular or viral DNA were applied to the

filters.

C. Other Control Experiments

Treatment of filters with preincubation mixture (PM) which is
0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% bovine serum albumin,
serves to coat the surface of the filters and prevent nonspecific binding
of DNA. Control experiments were carried oput to determine the efficiency
of PM treatment. The effects of PM treatment and the extensive washings
on previously bound DNA was determined. The results are presented in
Table 13. The PM was found to be 99-100% efficient in preventing the
binding of additional adenovirus or cellular DNA. The PM treatment and
subsequent washings eluted less than 1% of previously bound adenovirus

or cellular DNA.

ITI. Adsorption and Uptake of Adenovirus Type 3 Particles

The adenovirus incomplete particles apparently do not repli-
cate (Burlingham et al., 1974; Wadell et al., 1973, Prage et al., 1972).
This lack of infectivity could be due to blockage of early events in the
infectious cycle, such as adsorption or penetration. Adsorption and un-
coating of incomplete and complete particles of Ad 3 was studied in KB
cells, a permissive host.

Radicactively labeled Ad 3 was purified by a step gradient and

an equilibrium density gradient. The equilibrium gradient was dripped,
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Table 13

Control Experiments for DNA-DNA Hybridization

DNA Applied Treatment 3Hdr cpyM % of Control
3H Ad 2 Control? 7289
34 Ad 2 PM before DNA” 62 0.85
34 kB Control 10520
34 KB PM before DNA 115 0.01
34 ad 2 Control 8865
34 Ad 2 PM* 8963 101.10
34 kB Control 6517
34 kB PM 6499 99.72

8penatured SH TdR-labeled DNA was applied to a filter. The filter
was washed, dried, and counted.

by washed filter was treated with PM. It was then washed, dried,
and challenged with denatured 34 TdR-labeled DNA.

CDenatured 3H TdR-labeled DNA was applied to a filter. The filter
was washed, dried, and PM treated. It was then washed 6 times with
20 ml of 0.0l M Tris pH 8.1, dried, and counted.
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collecting 0.2 ml fractions and optical densities at 260 and 280 nm
were determined. The fractions containing the complete virus (V) and
the fractions containing the incomplete particles (II) were pooled and
dialyzed against PBS. The particles were adsorbed to confluent mono-
layers of KB cells at a physical multiplicity of 5,000. Adsorption was
carried out at 4°C and was facilitated by gently rocking the cell mono-
layers every 15 min. After two hours, the inoculum was removed, re-
tained, and residual particles removed by washing the cell monolayers
three times in PBS. The inoculated cells were incubated in MEM suspen-
sion culture medium containing 10% calf serum for 0, 1, or 6 hours. A
portion of the inoculum removed from the monolayer was counted. The re-
mainder was added to fresh monolayers for another cycle of adsorption.

The radiocactive counts lost from the inoculum after each
cycle of adsorption are presented in Table 14, The data suggest differ-
ences in adsorption between incomplete and complete particles., The in-
complete particles are more readily adsorbed on subsequent exposures. A
greater percentage of complete particles are adsorbed during the first
exposure to cells. However much of this data is based on estimates.
The percentage of complete particles adsorbed on subsequent exposures
seems to drop slightly. This data might reflect the structural differ-
ences between the incomplete and complete particles. A number of in-
vestigators have shown that the polypeptide compositions of complete and
incomplete particles are not identical (Ishibashi and Maizel, 1974;
Rosenwirth et al., 1974; Wadell et al., 1973; Prage et al., 1972). Per-
haps structural changes must occur in incomplete particles before they

can be adsorbed to cells, for instance, degradation or activation of
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Table 14

Differential Adsorption of Complete and Incomplete Particles of Ad 3

Percentage of counts lost from
inoculum upon successive adsorption number

1 2 3 A
Incomplete
Particles (II)
Labeled with
34 TdR 17.2 2.8 71.4 58.3
34 TdR 73.3 80.9 92.4 98.3
a
32p 53.1 75.9 90.6 95.4
32px 39.7 81.3 85.0 90.7
Complete
Particles (V)
Labeled with
34 TdR 94.8 1.2 84.5 31.5
34 TdR 70.92 76.7 90.2. 95.3
32p 89.1% 74.5 79.6 90.3
32py 55 5% 89.7 96.6 98.7
*32

P labeled Ad 3 particles which had been frozen for about 6 weeks.

3Estimated percentage.
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protein subunits or factors. Another possibility would be that an in-
hibitor of adsorption would have to be removed from the incomplete
particle preparation. These changes would occur during the first ad-
sorption cycle allowing the particles to be readily adsorbed during
subsequent exposure to cells.

To determine the differences in uncoating, at O, 1, and 6
hours after adsorption the medium was removed from the infected cells,

2 ml of TE were added, and the cells were frozen and thawed three times.
The lysates were divided into three aliquots: 0.5 ml was acid precipi-
tated and counted, 0.5% was digested twice with DNase then acid precip-
itated and counted, DNA was extracted from the remaining sample and was
hybridized to Ad 3 DNA and to KB DNA. The results are presented in
Table 15.

These results must be interpreted cautiously since the cell
lysates were stored at 4°C for several weeks before these analyses were
performed. An adenovirus particle is defined as uncoated when its
nucleic acid becomes susceptible to DNase degradation. The data in
Table 15 suggest that uncoating occurs for bbth complete and incomplete
particles, however the process seems to occur much more efficiently and
rapidly with complete particles. Most of the complete particles were
unceoat ! in 1 hr. This is in agreement with previously published
studies on Ad 2 (Sussenbach, 1967) and Ad 5 (Lawrence and Ginsberg,
1967). Uncoating occurs more slowly with adsorbed incomplete particles.
This could be due to structural differences between the two types of
particles. Another possibility is that the incomplete particles were
adsorbed to the cell but a large percentage did not penetrate and there-

fore were not uncoated.
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The labeled DNA extracted from the cell lysates hybridized
more readily to Ad 3 DNA than to KB DNA. However the DNA from incom-
plete particles hybridized about two times better to KB DNA than did
the DNA from the complete virionms. This result agrees with the in wvitro
hybridization data presented in Table 12, This suggests that if the
incomplete particles contain some cellular DNA or viral DNA s.  uences
which are complementary to host cell sequences, these particles are at

least adsorbed by the same mechanism as particles containing viral DNA.
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ABSTRACT

When KB cells are infected with adenovirus typé 3 and the
lysates of the infected cells are subjected to equilibrium demsity
sedimentation in CsCl, several populations of particles are observed
as light scattering bands by transillumination. .hese populations of
virus particles have distinct buoyant densities. Analyses of these
populations of particles in the ultracentrifuge indicate that the buoy-
ant densities are 1.2787, 1.2913, 1.2945, 1.3030, 1.3139, 1.3315, and
1.3595 g/cmB. The bands of particles are designated I, IIa, IIb, III,
IV, V, and VI respectively. The virions are band V. The remaining
bands are incomplete particles. The virions of adenovirus type 3 zare
less dense than the virions of adenovirus type 2.

Optical density determinacions at 260 and 280 nm of CsCl
equflibrium-gradients indicates the presence of additional populations
of incomplete particles which were not detected in the analytical ultra-
centrifuge. These bands are designated as IIIa and Va.

Buoyant densities and ODZGO/ODZBO ratios indicate that all of
the incomplete particle populations contain nucleic acid. DNA is ex-
tractable from iﬁcomplete particles (II) and virionms (V). The DNA
from incomplete particles hybridizes better with adenovirion DNA than
with KB cell DNA., Incomplete particle DNA hybridizes better with KB
cell DNA than does adenovirus type 3 virion DNA suggesting either that
host cell DNA may be present or that incomplete particle DNA contains

sequences which are complementary to KB cell DNA.



The incomplete particle populations are produced in constant
proportions with repeated passages except for band Va which increases
with passage number.

The DNA of incomplete particles and virions is present within
the capsids. A portion of both types of particles is resistant to DNase
digestion. However, more of the nucleic acid in incomplete particles
than in virions is susceptible to digestion by this enzyme, and the di-
gestion of the DNA in incomplete particles occurs more slowly. These
observations suggest differences in packaging and/or structure of in-
complete particles and virions. The specific radioactivity is lower for
incomplete particles than it is for virions. This might indicate that
parental viral DNA is incorporated into the incomplete particles.

The biological role(s) of the incomplete particles remains
unspecified. These particles may be degradation produccs of the viral
replication process. They may have a role in viral assembly serving as
precursors to infectious viricns. Incomplete particles may serve to
determine transforming ability and onéogenic potential of a virus popu-

" lation.



