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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of purified incomplete
particles of adenoviruses type 2 and 3 revealed that core proteins V and VII and
capsid proteins VI, VIII, and X were absent in these particles, but they contained
polypeptides not present in complete particles. Two types of incomplete particles
were observed in the electron microscope, appearing as deoxyribonucleic acid-less
particles with single discontinuities in the capsid structure (about 80%), or more
amorphous particles resembling hexon aggregates (about 209,). The amount of in-
complete and complete particles increased in parallel during the infectious cycle.
Detectable amounts were found at 13 h with a maximum rate of synthesis for both
particles at 24 h after infection. 3H-labeled amino acids were incorporated into in-
complete particles without a detectable lag period, but the label appeared in com-
plete particles with a 60- to 80-min lag. Early after the pulse in pulse-chase experi-
ments, the radioactivity was higher for incomplete particles than for complete

“particles and leveled off before the activity of complete particles reached a maxi-
mum. In the adenovirus type 2 system, pulse-chase experiments suggested a pre-
cursor-product relationship between incomplete and complete particles. After a
short pulse, 19 h postinfection, entrance of 3H-labeled amino acids into the hexon
polypeptide of complete particles was delayed for 80 min, but no delay was observed
for the labeling of the hexon polypeptide of incomplete particles. The core polypep-
tides appear in complete particles without a delay, also suggesting that incomplete
particles were precursors to complete particles. Incorporation of 3H-labeled amino
acids into the hexon polypeptide of complete and incomplete particles was drasti-
cally decreased by inhibition of protein synthesis with emetine. However, the uptake
of label into core proteins of complete particles was only decreased to 509, on inhi-
bition of protein synthesis. The results suggest that incomplete particles are inter-
mediates in virus assembly in vivo and that the assembly of capsid polypeptides
into incomplete and complete particles is dependent on continuing protein synthesis.

The structure of adenoviruses is complex,
including an outer capsid with at least seven
polypeptides arranged in icosahedral symmetry
with distinct hexons and pentons (reference 11;
E. Everitt, B. Sundquist, U. Petterson, and L.
Philipson, Virology, in press). The genome is
associated with two additional polypeptides as an
internal core structure (reference 11; Everitt
et al., Virology, in press). The mechanism of
assembly of these complex virions is not known
although kinetic studies have revealed that the
assembly of the multimeric individual hexons and
pentons may be thermosensitive events (12, 15).
Newly synthesized core polypeptides are more
rapidly associated with the virion during as-
sembly than the polypeptides of the outer capsid
(5). An in vitro assembly system has been de-
scribed, in which viral deoxyribonucleic acid
(DNA) from infected, arginine-depleted cells was
assembled into virions with the aid of extracts

from infected nonstarved cells (22). The tem-
poral relationship between the appearance of
core and capsid structures in assembly has not
been determined in this in vitro system.

The relationship between core structures, in-
complete particles and intact virions has, how-
ever, been reinvestigated in several other viral
systems. Phillips and collaborators have pro-
vided evidence suggesting that the ribonucleic
acid (RNA)-less 73s particles of poliovirions ob-
served in vivo are precursors of intact virions
(17). Recent reports on the assembly of SV40
virus may also indicate that some of the in-
complete particles are precursors of intact
virions (13, 14). '

The mechanism of bacteriophage head as-
sembly, originally thought from electron micro-
scope data (6) to involve a capsid assembly on
the outside of DNA condensates, has recently
been reinterpreted with the aid of assembly mu-
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tants. Although the issue is still unsettled, it is
possible that the empty phage head is formed
before injection of phage DNA (7, 10).

The present study which reports on the pro-
tein composition of incomplete and complete
particles of adenoviruses type 2 and 3 reveals
that the incomplete particle contains poly-
peptides distinct from those contained in intact
virions. Furthermore, the incomplete particles
lack the polypeptides associated with the DNA-
containing core. This study also provides sug-
gestive evidence for a precursor-product relation-
ship between incomplete and complete particles.
Finally, the in vivo assembly process seems to
be dependent on an active protein synthesis.

MATERIALS AND METHODS

Cell and virus infection. HeLa cells and KB
cells were grown in Spinner cultures in Eagle
Spinner medium (2) with 79, calf serum as de-
scribed previously (3). The prototype strains of
adenoviruses type 2 and 3 were used in the present
study. Their source was reported in previous
communications (3, 19). Synchronized, one-step
growth conditions were obtained by infecting
with a multiplicity of 150 fluorescent focus-form-
ing units (FFU) per cell or 1,000 to 2,000 particles
per cell, as described previously (3).

Pulse labeling and chase conditions. In-
fected cells were centrifuged at 37 C for 5 min at
3,500 X g and suspended in a modified Eagle
Spinner medium with 79, dialyzed calf serum at
cell densities of 0.8 X 108 to 2 X 10¢ cells per ml.
The medium contained 120 uM arginine, 80 uM
valine, and 80 M leucine, which is a 10-fold re-
duction of the normal concentrations used. After
equilibration for 10 min at 37 C, 3H-arginine
(5 xCi/ml), 3H-valine (5 xCi/ml), and *H-leucine
(5 uCi/ml) were added, and, after a 5-min pulse,
the cells were centrifuged, diluted to cell densities
of 3 X 10% to 5 X 105 cells per ml with serum con-
taining Eagle Spinner medium supplemented
with unlabeled arginine, valine, and leucine to a
50-fold excess over the concentration used during
the pulse. To stop further protein synthesis,
emetine (at 10 ug/ml) was added after the 3H-
amino acid pulse in some experiments.

Cells were harvested at varying time intervals
during the chase and sedimented for 5 min at
3,500 X g, suspended in 0.01 M tris(hydroxy-
methyl)aminomethane (Tris)-hydrochloride, pH
8.1, and frozen at—20 C.

Purification of complete and incomplete
particles. Virus purification was performed es-
sentially as described previously (3). Infected
cells were harvested 48 h postinfection, centri-
fuged at 1,500 X g for 15 min, suspended in 0.01 M
Tris-hydrochloride (pH 8.1) and frozen at —20 C.
After thawing, the cell suspension was sonically
treated for 30 s in the cold, followed by centrifu-
gation at 25,000 X ¢ for 15 min. The supernatant
fluid was extracted with Freon and purified on a
gradient cushion of CsCl from 1.2 to 1.4 g/ml.
The virus material was collected and separated
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on a preformed gradient of CsCl (1.35-1.28 g/ml)
for 16 h at 180,000 X g. Complete particles could
be separated from incomplete particles in this
step, and each of them were separately resedi-
mented on the same type of gradient. Incom-
plete particles were further purified by centrifu-
gation on 15 to 309, sucrose gradients formed on a
cushion of CsCl (1.40 g/ml) for 60 min at 150,000
X g. The material accumulating at the interphase
on the cushion was rebanded on a self-generating
CsCl gradient. Both virions and incomplete par-
ticles were dialyzed against 109, glycerol in 0.01 M
Tris-hydrochloride (pH 7.4), 1 mM MgCl;, and
0.5% n-butanol. In some experiments with adeno-
virus type 2, where the amount of incomplete
particles was low, the nuclear fraction of infected
cells was sedimented on 10 to 259, sucrose grad-
ients in 1 M NaCl, 20 mM Tris-hydrochloride
(pH 8.1) at 71,000 X g for 75 to 85 min. The nu-
clear fraction was obtained by breaking the cells
with a tight-fitting Dounce homogenizer in the
presence of 0.5%, detergent (Nonidet P-40). Nuclei
were washed and resuspended in 0.05 M Tris-hy-
drochloride (pH 8)-2 mM EDTA and broken by
ultrasonic treatment at 0 C for 15 s. The detailed
procedure to release virus associated structure
from infected cells was reported earlier (8).

Quantitation of incomplete and complete
virion particles. The second CsCl gradient was
eluted through a flow cell mounted in a Gilford
spectrophotometer, and the amount of particles,
expressed as optical density (OD) at 280 nm, was
calculated by measuring the areas of the peaks
for incomplete and complete particles. For a more
direct comparison of the amount of complete and
incomplete particles, the OD at 280 nm of the
latter was multiplied by 1.6. This factor was de-
termined from the relation of OD at 280 nm and
protein content of the two fractions measured by
the Lowry procedure (9).

Extraction of the basic proteins of adeno-
virions. The basic proteins associated with the
core and the outer capsid of the adenovirion were
isolated by a method involving extraction of
virions in 2.0 M NaCl in 5§ M urea buffered with
0.1 M citrate buffer (pH 3.4) and separation of
the proteins on analytical polyacrylamide gels in
5M urea and 0.1 M citrate buffer at pH 3.4. The
detailed procedure is in the process of being pub-
lished (Everitt et al., Virology, in press).

Protein determination. Protein was deter-
mined by the Lowry method (9) with bovine
serum albumin as standard. Samples were dialyzed
against 0.05 M NaOH prior to analysis.

Analytical sodium dodecyl sulfate gels.
Analytical sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis (SDS gels) was
performed as described elsewhere (Everitt et al.,
Virology, in press).

Electron microscopy. Incomplete particles
both from CsCl and sucrose gradients were ana-
lyzed by electron microscopy according to the
procedures reported in a previous communication
(19). All samples were fixed with 5% glutaralde-
hyde (1). Excess fixative was removed by dialysis
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against 0.1 M NH,-acetate (pH 6.7). Negative
staining with uranyl acetate at pH 4.6 and am-
monium molybdate at pH 7.0 were used in parallel.

Isotopes and chemicals. 3H-arginine (20
Ci/mM); 3H-valine (6 Ci/mM), and 3H-leucine
(40 Ci/mM) were obtained from New England
Nuclear Corp. (Boston, Mass.). Emetine-HCl
was obtained from Sigma Chemical Co. (St.
Louis, Mo.). Radioactive material was precipi-
tated with cold 109, trichloroacetic acid, and
acid-precipitated material was collected on nitro-
cellulose filters. The filters were washed with 10
ml of 809 ethanol, ethanol-ether (1:1), and
ether, respectively, air dried, and counted in a
toluene-based scintillation fluid.

RESULTS

Host cell contamination of incomplete
particles. Since incomplete particles of adeno-
virus type 3 have been shown to contain at
least one polypeptide not present in complete
virions (11, 19), it was essential to quantitate
the host cell contamination in the incomplete
particles. Complete virions of adenovirus type 2
have previously been shown to contain less than
0.01% of host cell protein (3). The same purifi-
cation method was used in the present study,
including an additional sucrose gradient for the
incomplete particles as described in Materials
and Methods.

HeLa cells infected with adenovirus type 3
were mixed with *H-amino acid-labeled, unin-
fected HeLa cells, and both types of particles
were purified. Radioactivity in the purified ma-
terial was determined (Table 1), and there was
a low level of host cell contamination for in-
complete particles, around 0.01%. A contamina-
tion around 0.019%, was confirmed for complete
particles. These results suggest that the puri-
fication steps utilized were sufficiently discrimi-
natory to study the polypeptide pattern of
jncomplete particles. The recovery of complete
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and incomplete particles through the purifica-
tion scheme was between 45 to 50% for both
types of particles.

Polypeptide composition of incomplete
and complete particles from adenovirus
types 2 and 3. The polypeptides of incomplete
and complete particles from adenovirus type 2
and 3 were first analyzed on SDS gels. The in-
complete particles were always present in cells
infected with type 3 virus in amounts comparable
to those of complete virions, but the incomplete
particles could only be found in minute amounts
for type 2 virus. The SDS gel electrophoresis
patterns are shown in Fig. 1. The polypeptide
pattern for complete virions of type 3 (Fig. 1C)
and type 2 (Fig. 1A) are similar and contain the
same number of polypeptides. The polypeptide
Va peak in type 3 virus was probably a dimer
of polypeptide VII as shown before (Everitt
et al., Virology, in press). The migration rate of
polypeptides III, IIla, and IV differed signifi-
cantly between the two types of virions. In-
complete virions from both types had additional
polypeptides designated A, B, C, D, and E
(Fig. 1B and D) and appeared to lack the core
polypeptide VII. Band A and D migrated with a
rate similar to that of polypeptides V and VI,
respectively.

The basic protein compositions of both virions
and incomplete particles were examined by ex-
tracting both types of particles from type 2 and
3 with the acid-high salt urea method, and these
extracts were analyzed on acid urea-citrate
acrylamide gels as described in Materials and
Methods. The pattern for type 2 and type 3
virions on these gels (Fig. 2) shows that poly-
peptides V, VI, VII, VIII, and X could be ex-
tracted as previously was demonstrated for
adenovirus type 2 (Everitt et al.,, Virology, in
press), but the rate of migration of individual
polypeptides differed between the two serotypes.

TasLi 1. Contamination with host cell proteins of compiete and incomplete particles of
adenovirus type 8

Acid-insoluble radioactivity of *H-amino acid-labeled extracts from )
uninfected cells (counts/min) rl; inal
£l HA ov-
Particles i inal CsCl ery®
Mixture? Fg"::%g lsl?l Sucrose gradient Fgl:adie:t. (%)
Virions 3.5 X 10¢ (100)c 8,140 (0.22) 175 (0.05) 50 (0.001) 40-50
Incomplete particles 3.5 X 10¢ (100) 6,150 (0.17) 220 (0.006) 165 (0.005) 40-50

¢ The final recovery of complete and incomplete particles was determined in reconstruction experi-

ments with added purified labeled *C-particles.

b The different columns correspond to different ste
and Methods.

ps in the purification scheme described in Materials

¢ The figures within parentheses refer to the percentage of host cell contamination.
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F16. 1. 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 as described in Materials and Methods
and analyzed on 18%, SDS-polyacrylamide gels. The gels were stained with Coomassie blue and scanned in
a Gilford spectrophotometer at 560 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 2-incomplete particles. C, Adenovirus type 3-com-
plete particles. D, Adenovirus type 3-incomplete particles.

No bands could be detected in the gels when ex-
tracts from incomplete particles were examined.
Maizel et al. (11) previously showed that poly-
peptides V and, probably, VII were absent in
incomplete virions, and both these proteins are
associated with the core (reference 11; Everitt
et al., Virology, in press). In addition, proteins
VI, VIII, and X could not be recovered in in-
complete particles, as shown here. When the
ratios of the areas of the peaks corresponding to
protein III (pentonbase) and protein II (hexon)
were compared in complete and incomplete
particles, it was found that the amount of pro-
tein IT was significantly decreased in incomplete
particles. Both adenovirus type 2 and 3 showed
lowered ratios for polypeptides II and III in
incomplete compared to complete particles.
Electron microscopy of incomplete virions
from adenovirus type 2 and 3. Incomplete
virions were purified as described in Materials
and Methods. After the last CsCl gradient they

were fixed with 5% glutaraldehyde to stabilize
the structure and examined in the electron
microscope. No complete virions could be ob-
served (Fig. 3), but one could distinguish two
distinct classes of incomplete particles. The
most abundant structure had an oytline similar
to complete virions (Fig. 3C), but the negative
stain, uranylacetate, penetrated into the particles
(Fig. 3E). The outer capsid contour was broken
in some places, and some of the particles ap-
peared similar to the pentonless particles ob-
served after selective removal of the peripentonal
region from the virion (18). The outer diameter
of these particles, which constituted 80%, of the
population, was the same as for intact virions.

The second class of particles, which amounted

to around 20% of the total, was more amorphous

and appeared to be a conglomerate of hexon sub-
units with less defined shape of the outer capsid
(Fig. 3B and D). The diameter of these struc-
tures appeared larger than for complete virions.
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Fia. 2. Analytical acid-urea-polyacrylamide gels
of complete particles of adenovirus type 2 and 3.
Purified complete particles from adenovirus type
2 and type 8 were extracted with the high-salt,
actd urea method, and the extracts were analyzed on
polyacrylamide gels in § M urea and 0.1 M citrate
buffer at pH 3.4. The cathode is at the bottom of the
gels. The polypeptides are numbered according to
Maizel (1971) and the proteins were identified in a
previous communication (Everitt et al., Virology, in
press). Left, Exiracts of adenovirus type 2 virions;
middle, extracts of adenovirus type 8 virions; and
right, a mizture of virion exiracts of type 2 and 8.

Incomplete particles from adenovirus type 2
prepared from sucrose gradients to minimize the
osmotic effects of CsCl showed the same two
structures as described for adenovirus type 3.
No difference in structure between incomplete
particles of type 2 and type 3 could be observed.

The growth curve of complete and in-
complete adenovirus particles. Incomplete
viral particles may either arise by breakdown of
assembled virions (13, 14) by false assembly or
as an intermediate in viral assembly (10, 13, 14).
The first two alternatives may infer a differential
rate of appearance between complete and in-
complete particles during growth.

The kinetics of the appearance of complete and
incomplete particles was first studied by ana-
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lyzing the optical density of the two bands from
CsCl gradients at different times of the growth
cycle. HeLa cells were infected at a multiplicity
of 150 FFU /cell with adenovirus type 3. Samples
were taken at different times postinfection, the
two types of particles were separated on the
second CsCl gradient, and the optical density
pattern was recorded in a Gilford spectropho-
tometer and quantitated as described in Ma-
terials and Methods.

As shown in Fig. 4, the amounts of complete
and incomplete particles are roughly the same in
adenovirus type 3 after correction for the differ-
ence in DNA content of the two types of par-
ticles. They each accumulate exponentially at
the same rate, starting around 13 h. The maxi-
mum rate was reached at 24 h postinfection.

To study the temporal relationship between
synthesis of incomplete and complete particles,
cells infected with adenovirus type 3 for 21 h
were continuously labeled with a mixture of
radioactive arginine, valine, and leucine, as
described in Material and Methods. Samples
were taken at different times after the labeling,
the two types of particles were highly purified,
and the specific activity determined was ex-
pressed in counts per minute per microgram of
protein. Fig. 5 shows that the incomplete particles
are labeled before the complete particles. There
is no lag period for the increase in specific ac-
tivity of the incomplete particles, but there is a
lag period of 60 to 80 min before the label enters
the virions. These results suggest that the in-
complete particles are formed prior to the
virions.

Pulse-chase analysis of complete and
incomplete particles. Pulse-chase experiments
were performed next to determine if incomplete
particles are in fact intermediates in virion as-
sembly.

Cells were infected with adenovirus type 3,
and at 19 h postinfection the cells were labeled
for 5 min with a mixture of radioactive arginine,
valine, and leucine as described in Materials and
Methods. At varying times during the chase
with a 50-fold excess of unlabeled amino acids,
virus and incomplete particles were purified,
and the radioactivity in each fraction from the
first CsCl-gradient was determined as described
in Materials and Methods. Fig. 6 shows that the
radioactivity in incomplete particles again in-
creased faster than for the complete virions and
without a detectable lag, but a lag period of 60
to 80 min was observed prior to the increase in
radioactivity in virions. The radioactivity in
the fractions containing incomplete particles
later decreased, whereas the radioactivity in
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Fia. 3. Electron microscopy of incomplete particles from adenovirus type 3. The particles were fized with
6% glutaraldehyde and contrasted with uranylacetate at pH 4.6 (A, B, C) and with ammonium molybdate
at pH 7.0 (D and E). Panels C and E show the DN A -less virus-like particles with single discontinuities
in the outer capsid. Panels B and D show the diffuse particles stmilar to hezon conglomerates. Magnification

for B, C, D, and E, X 000,000.

complete virions was still increasing after the
total radioactivity of the gradients had reached a
plateau (300 min), i.e., at the time the pulse was
effectively chased. These results suggest that at
least a fraction of the incomplete particles is a
precursor in the assembly of complete adenovirus
type 3 virions.

Similar experiments were performed with
adenovirus type 2, which has low amounts of
incomplete particles. The turnover of incomplete

particles into virions may hopefully be more
rapid than for adenovirus type 3, which has a
large pool of incomplete particles.

KB cells were infected with adenovirus type 2,
pulse-labeled with the three *H-amino acids at
15 h after infection, and chased with cold amino
acids as described for adenovirus type 3 above.
Cell samples were withdrawn, and a nuclear
fraction was prepared for analysis of complete
and incomplete particles on sucrose gradients
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Fi1G. 4. Quantilation of incomplete (@) and
complete (O) particles after infection of HeLa cells
with adenovirus type 8 under one-step growth con-
ditions. Incomplete and complete particles were
purified by CsCl gradient centrifugations and
eluted through a Gilford recording spectrophotometer.
The quantity was calculated from the peak area in
the elution profile.

as described in Materials and Methods. This
technique resolves complete and incomplete
particles (8).

The material from nuclear extracts of adeno-
virus type 2-infected cells, corresponding to the
position of incomplete particles in the sucrose
gradients, was analyzed in the electron micro-
scope after fixation in 5% glutaraldehyde, and
the same structures as reported for adenovirus
type 3 (Fig. 3) were identified (data not shown).

Fig. 7 shows the radioactivity pattern at
three selected times during the chase after a
5-min pulse with *H-amino acids. The overall
pattern clearly indicates that the incomplete
particles are intermediates in the assembly
of complete adenovirus type 2 virions.

The precursor-product relationship is more
clearly demonstrated in Fig. 8, which shows that
the rise in radioactivity of incomplete particles
precedes, and the decrease coincides with, the
rise in radioactivity of intact virions. A late de-
crease of radioactivity in complete particles was
observed at 24 h postinfection when nuclear
leakage of infected cells was increasing.

Inhibition of protein synthesis and virion
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Fi1a. 5. Continuous label of incomplete and com-
plete particles. The specific activity (counts per
minule per microgram of protein) of incomplete
(@) and complete (O) particles from adenovirus
type 8 at different time intervals after continuous
label with *H-amino acids at 21 h after infection.
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F1G. 6. Pulse-chase labeling kinetics of incom-
plete and complete particles of adenovirus type 3.
HeLa cells were infected with adenovirus lype 3
and pulse-labeled for § min with 3H-amino acids at
19 h postinfection followed by a chase with a §0-fold
excess of unlabeled amino acids. Symbols: @, in-
complete particles; O, complete particles.
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F1c. 7. High salt-sucrose gradients (10-259,)
centrifuged at 71,000 X g for 85 min of nuclear ex-
tracts from adenovirus type 2-infected KB cells
which were pulse labeled for 6§ min with *H-amino
acids at 16 h after infection followed by a chase
with a 60-fold excess of unlabeled amino acids. A,
A gradient from uninfected cells; B, 1.0 h; C, 2.5 h;
and D, 8.6 h after the chase. Peak I corresponds to
cor;zplete particles and peak 11 to incomplete par-
ticles.

assembly. Since incomplete particles appeared
to be precursors to complete virions, it was of
interest to further corroborate this hypothesis by
following the kinetics of entrance of different
polypeptides into virions and incomplete par-
ticles. Preferably, this should be performed with
inhibition of protein synthesis after the pulse to
avoid reutilization of the isotope.
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Fic. 8. Precursor-product relationship between
incomplete and complete particles of adenovirus
type 2. The data in the pulse chase experiment with
adenovirus type 2 illustrated in Fig. 7 was compiled
by plotting the radioactivity peaks indicated by the
bars against time. Symbols: @, incomplete particles;
O, complete particles.

The effect of inhibition of protein synthesis was
therefore studied using emetine at a concentra-
tion of 10 ug/ml which inhibits protein synthesis
by 99% (4). Similar results were also obtained
with cycloheximide at 50 ug/ml.

At 19 h after a type 3 infection, cells were pulse
labeled for 5 min with the three #H-amino acids,
and the cells were divided into two equal sam-
ples. In one sample, protein synthesis was termi-
nated with emetine (10 ug/ml), and both samples
were chased with a 50-fold excess of unlabeled
amino acids. The two types of virus particles
were purified at varying times after the pulse,
and their specific radioactivity was determined.

Fig. 9 shows that a block in protein synthesis
had a drastic effect on assembly of both in-
complete and complete virions, but the effect
is possibly more pronounced for incomplete
particles. The specific activity of incomplete and
complete particles under inhibition of protein
synthesis was only 45%, of the values for virions
from uninhibited cells.

The sequential entrance of polypeptides
into incomplete and complete particles.
Since adenoviruses contain core proteins as-
sociated with the DNA within the capsid, it is
possible to use another approach to support the
hypothesis that the incomplete particles are pre-
cursors to intact virions. Horwitz et al. (5)
demonstrated that the core polypeptide VII
was more rapidly assembled into intact virions
than the hexons, which, in the light of results
reported above, may suggest that incomplete
particles are precursors.
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FiG. 9. Inhibition of protein synthesis and spe-
cific activity (counis per minute per microgram of
protein) of adenovirus type 3 particles. After a 5-min
pulse with 3H-amino acids at 19 h after infection
followed by a chase with a 50-fold excess of un-
labeled amino acids, protein synthesis was in-
hibited by adding emetine (10 pg/ml) immediately
after the pulse. Symbols: O, incomplete particles
withoul inhibition; @, incomplete particles at inhi-
bition; A, complete particles without inhibition; A,
complete particles at inhibition.

To gain further insight in the process of viral
assembly, cells infected with adenovirus type 3
for 19 h were pulse-labeled for 5 min with three
3H-labeled amino acids and chased by the ad-
dition of a 50-fold excess of unlabeled amino
acids. In one sample, emetine was added at 10
pg/ml. Samples were taken out at different
times after the pulse, and the two types of
particles were purified and analyzed on SDS-
polyacrylamide gels for radioactivity. Gel pat-
terns similar to those presented in Fig. 1 were
obtained, and the total radioactivity from each
individual peak was integrated and plotted as
the percentage of the value obtained for that
peak at 6 h of chase with an excess of amino
acids, a time when the chase was complete.

Fig. 10 shows several facts which may be im-
portant for viral assembly in vivo. First, the
radioactivity in the polypeptides of incomplete
particles is always higher than that of complete
particles, as already shown above in pulse-chase
experiments. Secondly, inhibition of protein
synthesis affects the assembly of the incomplete
particles and especially the assembly of hexon
into incomplete particles. The assembly of the
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F1c. 10. Assembly of wirus polypeptides into
virus particles after inhibition of protein synthesis.
Virus particles were purified and analyzed on SDS
gels. The activity from each peak was calculated, and
the values were expressed as percentage of the value
at 6 h after the pulse tn samples without inhibition.
Part A, Incomplete particles without inhibition;
part B, incomplete particles with inhibition; 11,
hexon; A, protein A, D, protein D (See Fig. 1).
Part C, complete particles without inhibition;
Part D, complete particles with inhibition; II,
hexon; V, protein V; VII, protein VII.

polypeptides A through E into incomplete
particles and the assembly of core polypeptides
V and VII into intact virions were less sensitive
to inhibition of protein synthesis than the as-
sembly of outer capsid polypeptides. Finally,
and most important, assembly of core poly-
peptides into virion precedes the entrance of
the outer capsid polypeptides, in spite of the
fact that hexons are rapidly assembled into
incomplete particles.

DISCUSSION

The separation of incomplete from complete
particles in the adenovirus type 3 system was
simple because of their difference in bouyant
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density, 1.34 and 1.30, respectively, but it is
more difficult to purify incomplete particles from
host cell contaminants. The procedure used,
combining equilibrium density and rate zonal
centrifugation, gave a product with less than
0.019% of host cell contaminants in reconstruc-
tion experiments, although the recovery was
45 to 509 (Table 1). The polypeptide pattern
of the incomplete particles revealed at least
three but probably five polypeptides, which were
not present in intact virions. The core polypep-
tides V and VII and in addition polypeptides
VI, VIII, and X were absent in incomplete
particles. The lack of core polypeptides in in-
complete particles and the presence of at least
one nonvirion polypeptide in these structures
was demonstrated recently (19). Both the disk
SDS gels and the urea extraction method utilized
in this study may resolve polypeptides better than
continuous SDS gels (11, 21).

Electron microscopy revealed that the in-
complete particles were not homogeneous and
probably represent at least two different classes,
one appearing as a conglomerate of hexon
subunits in an irregular structure without a
distinct shape (Fig. 3B and D). This structure
appears to be more flattened and has a larger
diameter on the grids than the virions. The other
class appears as particles lacking the core struc-
tures, but with a discontinuity in the outer capsid
(Fig. 3C and E). It is not possible to discern if
the holes are located in a vertex region, but,
since the hexon-to-penton ratio was lower in
incomplete compared to complete particles, it is
possible that the break in the outer capsid re-
sides in one or several of the triangular facets of
the virion. The latter type of particles is at least
four times more abundant in the purified in-
complete particles from the adenovirus type 2
and 3 suggesting that it accounts for the majority
of particles also in vivo, since the recovery from
the first to last purification step was 45 to 509,.
Highly purified and characterized incomplete
particles were required to study if they were
intermediates in assembly in vivo.

It was first demonstrated (Fig. 4) that the
incomplete particles in the adenovirus type 3
system were increasing in absolute amount con-
current with the increase in virions, suggesting
that these particles were not created primarily
by breakdown of virions late in the infectious
cycle. With continuous and pulse-chase labeling
it was possible to demonstrate that the amino
acid label entered virions with a lag period and
also with a slower rate than for incomplete
particles of both adenovirus type 2 and 3. A
precursor-product relationship between incom-
plete and complete particles could be established
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with adenovirus type 2, a virus type with a
minute pool of incomplete particles. Pulse
chase experiments with adenovirus type 3, even
though the pool of incomplete particles in this
system is large, suggested such a relationship at
least for a fraction of the particles. Since the
morphology of the incomplete particles of the
two virus types were the same, it appears justi-
fied to conclude that incomplete capsid struc-
tures are precursors to the virions in the adeno-
virus system. Similar findings have been re-
ported for other virus systems such as poliovirus
(17) and SV40 virus (13, 14). It has also been
suggested recently that the phage head in T4
phage may be assembled prior to the entrance
of phage DNA (9).

All kinetic experiments involving purification
of intermediates may, however, be criticized
since it cannot be demonstrated unequivocally
that the purification method did not cause re-
lease of DNA from the intermediates. The
methods used in the experiments reported in
Fig. 7 and 8, where it was suggested that in-
complete particles of adenovirus type 2 were
intermediates to intact virions, were designed to
counteract this criticism. The cells were opened
with nonionic detergent, the nuclei with sonic
treatment, and the particles were separated by
sucrose gradient centrifugation and fixed before
electron microscopy. Furthermore, the different
polypeptide composition and the precursor-prod-
uct relationship in pulse chase experiment appears
to establish that the incomplete particles are
intermediates in the assembly reaction. In
addition to the insertion of viral DNA, the
assembly of complete virions from incomplete
particles also appears to involve an exchange of
internal proteins.

Finally, it is of interest that the assembly
reaction requires intact protein synthesis and
that the formation of incomplete particles was
more sensitive to inhibition than the formation
of mature virions. This was in contrast to other
animal viruses, like picornaviruses, where in-
hibition of protein synthesis has been utilized to
determine the gene order in the RNA genome
(20). The sensitivity to inhibition of protein syn-
thesis makes it also difficult to understand the
in vitro assembly of adenoviruses (22) unless the
factors provided by the infected cells are an
intact protein synthesizing system. One factor
may, however, be rate limiting and required in
stoichiometric amounts at assembly, a condition
which predicts that we have differential transla-
tion of different messenger RNA in adenovirus
infected cells, as recently suggested from studies
of translation of adenovirus proteins during
inhibition of protein synthesis (15).
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