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Intermediates in Adenovirus Assembly

BERIT EDVARDSSON, EINAR EVERITT, HANS JORNVALL' LENNART PRAGE, ano LENNART

PHILIPSON?2*

Department of Microbiology, The Wallenberg Laboratory, Uppsala University, Uppsala, Sweden

Received for publication 17 February 1976

Three intermediates in adenovirus assembly have been defined; nuclear inter-
mediates, young virions, and mature virions. The nuclear intermediates are
fragile and heterogenous in size (550S-670S) and withstand separation on ficoll
gradients but fall apart upon CsCl gradient centrifugation unless prefixed with
glutaraldehyde. They contain both capsid and core structures, and the core
structures are preferentially released during purification in CsCl. The precursor
polypeptides pVI and pVII are present in the intermediates without any corre-
sponding mature polypeptide. The young virions (Ishibashi and Maizel, 1974)
are stable and preferentially confined to the nuclei after cell fractionation. They
contain both uncleaved precursor polypeptides and their cleavage products. The
mature virions accumulate in the cytoplasm during cell fractionation and con-
tain the final mature polypeptides. Pulse-chase labeling kinetics, focusing on
the precursor polypeptides, suggest that these three classes participate in as-
sembly of adenovirus. Tryptic peptide maps establish that polypeptide pVI is the
precursor of polypeptide VI, but only a small fraction of polypeptide 26K can in
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vivo account for polypeptide VIII.

In productive infection with adenoviruses,
several classes of particles are produced that
differ from mature virions in polypeptide com-
position and buoyant density in CsCl gradients.
One class consists of empty capsids without
DNA and is referred to as empty particles or top
component (12, 15, 19, 21, 23). They lack poly-
peptides V and VII, corresponding to the two
core proteins of the virion, and contain some
polypeptides not present in the virion (12, 19,
24). A second class, which bands close to the
empty particles in CsCl gradients, contains
fragments of DNA (12, 19) and has been re-
ferred to as incomplete particles (19). Several
different classes of incomplete particles, vary-
ing in DNA content, have been observed (6, 21,
25). All these classes of particles have been
proposed to represent intermediates in virus
assembly (12, 24), mainly based on pulse-chase
labeling kinetics of the different particles in
vivo. Additional support for this hypothesis was
provided when three polypeptides of the virion
were shown to be processed from larger precur-
sor polypeptides. Anderson et al. (1) demon-
strated by tryptic peptide maps that the major
core polypeptide VII (molecular weight, 18,500)
is derived from a precursor pVII that has a
molecular weight of 21,000 and suggested that
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the hexon-associated polypeptide VI (molecular
weight, 24,000) likewise is derived from a pre-
cursor pVI that is 27,000 in molecular weight.
By comparing the immunoprecipitation of poly-
peptides synthesized in vivo and in an in vitro
translation system, Oberg et al. (17) confirmed
these relationships and in addition suggested
that polypeptide VIII (molecular weight,
13,000) is derived from a large precursor pVIII
with a molecular weight of 26,000. All these
precursor polypeptides are present in empty
and incomplete particles (12, 21, 24), again sug-
gesting a precursor-product relationship be-
tween the particle classes and mature virions.
It is, however, difficult to establish unequivo-
cally the assembly pathway of adenoviruses in
an in vivo system since the major capsid pro-
teins are present in a large excess pool, and
only 5 to 20% are incorporated in mature viri-
ons (11, 27). Several of the true intermediates
may furthermore be fragile and not resist puri-
fication procedures involving CsCl gradient
centrifugation.

The present investigation demonstrates that
some of the particle classes isolated by CsCl
gradient centrifugation are artefacts when mild
methods to isolate and characterize the inter-
mediates are utilized. The intermediate parti-
cles are heterogeneous, with sedimentation
rates from 550S to 670S and do not resist band-
ing in CsCl gradients without fixation by glu-
taraldehyde. By focusing on the precursor poly-
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peptides that are not present in vast excess, it
has been possible to demonstrate a precursor-
product relationship between the intermediates
and virions by pulse-chase labeling kinetics. In
addition there appears to be two classes of viri-
ons, one corresponding to young virions (12),
which are assembled in the nuclei, and a second
class, which during cell fractionation is accu-
mulating in the cytoplasm and represents the
mature virion. The assembly process appears to
take at least 3 to 5 h for completion.

MATERIALS AND METHODS

Virus. The prototype strains of adenovirus types 2
and 3 (Ad2 and Ad3) were used, and the strains were
originally obtained from R. Huebner, National In-
stitutes of Health, Bethesda, Md., and A. Svedmyr,
The Municipal Bacteriological Laboratory of Stock-
holm, Sweden, respectively.

Cells. HeLa cells were grown in spinner culture
with Eagle spinner medium (8) containing 7% calf
serum. KB cells were grown as monolayers in bot-
tles or 35-mm petri dishes in Eagle minimal essen-
tial medium containing 15% calf serum.

Infection and labeling conditions. Cells were al-
ways infected at a multiplicity of 2,000 particles/cell
as described by Everitt et al. (10). HeLa cells,
mainly used for pulse-chase experiments, were cen-
trifuged at 14 h after infection at 37 C for 5 min at
3,500 x g and suspended at a cell density of 2 x 107
cells/ml in Eagle spinner medium containing only
2.5% of the normal methionine concentration (0.75
pg/ml) but with 7% calf serum. The cells were la-
beled with 200 uCi of [**S)methionine per ml for 15
min, and the label was chased by the addition of cold
methionine to 5x the normal concentration. The
cells were centrifuged again and resuspended in
Eagle spinner medium with the high concentration
of methionine.

Labeled virus was prepared in spinner cultures of
HeLa cells. The medium was then changed at 8 h
after infection, using 2.5% of the normal methionine
concentration and 1 uCi of [**S]methionine per ml.
Cells were harvested at 40 h postinfection. KB cells
in monolayers used for isolation of intermediates
were labeled at 15 to 20 h after infection using Eagle
minimal essential medium containing 2.5% of the
normal methionine concentration (0.375 ug/ml),
10% calf serum, 10 uCi of [*Hlthymidine per ml,
and 8 uCi of [**SImethionine per ml.

Virus purification. Cells were centrifuged at
1,500 x g for 30 min, suspended in 0.01 M Tris-
hydrochloride (pH 8.1) and frozen at —20 C. After
thawing, the cell suspension was sonically treated
at 0 C with a 0.5 volume of freon for 30 s, and the
mixture was centrifuged at 16,000 x g for 10 min.
The supernatant was layered onto preformed CsCl
gradients ranging from 1.2 to 1.4 g/ml and centri-
fuged at 52,000 x g for 1 h. The virus band was col-
lected and repurified on a preformed CsCl gradient
(1.28 to 1.35 g/ml) at 115,000 x g for 16 h. The virus
suspension was dialyzed against 0.01 M Tris-hydro-
chloride (pH 8.1) and sedimented for 60 min at
150,000 x g through 30% sucrose layered onto a CsCl
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(1.4 g/ml) cushion. Finally, the virus was dialyzed
against 0.01 M Tris-hydrochloride (pH 8.1) and
stored in aliquots at —20 C. The CsCl and sucrose
solutions were all buffered with 0.01 M Tris-hydro-
chloride (pH 8.1). Incomplete and empty particles
from Ad3 were purified by centrifugation in a self-
generating CsCl gradient with an initial density of
1.33 g/ml using a Ti50 angle rotor at 80,000 x g for 16
h. The centrifugation was repeated twice and fol-
lowed by a sedimentation through 30% sucrose. The
CsCl gradients used for glutaraldehyde-fixed mate-
rial contained 0.5% Brij-58.

Cell fractionation. The cells were washed with
cold phosphate-buffered saline and swelled in retic-
ulocyte buffer (0.01 M NaCl-1.5 mM MgCl,-0.01 M
Tris-hydrochloride pH 7.4) for 10 min on ice at a cell
density of 6 x 10° per ml. Nonidet P-40 was added to
a final concentration of 0.5%, and the cells were
broken by seven strokes in a Dounce B homogenizer.
The nuclei were sedimented at 1,000 x g for 3 min
and suspended in 0.05 M Tris-hydrochloride (pH 8.1)
with 2 mM EDTA. The supernatant, referred to as
the cytoplasmic fraction, was made 20 mM with
regard to EDTA to dissociate polyribosomes, and
both fractions were sonically treated at 0 C for 15 s.
After sonic treatment, phenylmethylsulfonylfluo-
ride, a proteolysis inhibitor, was added to a final
concentration of 2 mM, and both extracts were cen-
trifuged at 16,000 x g for 10 min. The supernatants
were analyzed on ficoll gradients.

Ficoll gradient centrifugation. Ficoll (Pharma-
cia, Uppsala, Sweden) gradients were used for the
isolation of virus and intermediate particles from
cell extracts. Gradients containing 5 to 12.5% ficoll
in 0.02 M Tris-hydrochloride (pH 8.5) with 1 mM
EDTA were centrifuged at 85,000 x g for 105 min in
an SW27 rotor. The gradients were fractionated
from the bottom and analyzed for radioactivity and
infectivity.

Infectivity control. Infectivity of the virus was
assayed by the fluorescent focus assay in KB cells
grown in petri dishes (18), and the titer was ex-
pressed in fluorescent focus units.

SDS-polyacrylamide gel electrophoresis. Sam-
ples were precipitated overnight at 4 C with 10%
trichloroacetic acid. The precipitate was washed
twice with 5% trichloroacetic acid and twice with
cold acetone (—20 C). The dry precipitate was dis-
solved in a sample buffer containing 2% sodium
dodecyl sulfate (SDS), 10% glycerol, and 5% 2-mer-
captoethanol (14) and heated to 100 C for 5 min. The
acrylamide solutions were prepared as described by
Maizel (14) with the following modifications. Expo-
nential slab gels ranging from 10 to 18% polyacryl-
amide were cast as described by McGuire et al. (13).
They were 1.5 mm thick and 70 mm long in a total
volume of 10 ml. The 18% acrylamide solution was
made in 50% (vol/vol) glycerol, and the mixing vol-
ume was 5 ml. A mixture of 5% acrylamide and 0.6%
agarose was used as spacer gel. Electrophoresis was
carried out for 4.5 h at 100 V in a GE-4 apparatus
from Pharmacia. The gels were stained with 0.5%
Coomassie brilliant blue R250 in 10% acetic acid and
30% methanol at room temperature and destained in
the same solvent.

The polypeptides, which were analyzed by tryptic
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peptide mapping, were isolated on 10 or 13% poly-
acrylamide slab gels. Unlabeled protein (1 mg) was
applied and subjected to electrophoresis at 100 V for
2 h. After staining, the polypeptides were reisolated
on new gels, and the material in the gel slices was
recovered by electrophoresis into a dialysis tubing,
using the same electrophoresis buffer and applying
50 V overnight. The recovered polypeptides were
subsequently labeled by acetylation.

Acetylation of polypeptides. The method for poly-
peptide acetylation has been described by Cuatreca-
sas (7). The volume of the sample was around 200 ul.
The polypeptides were dialyzed against 0.1 M so-
dium bicarbonate buffer (pH 8.8) at 4 C overnight. A
5-uCi sample of [“Clacetic anhydride (30 mCi/
mmol) in 5 ul of benzene was added, and the mixture
was vigorously stirred and kept on ice for 90 min. An
equal volume of 1.2% agarose in double-strength
SDS-sample buffer was added, and the mixture was
applied on a slab gel. The labeled polypeptides were
eluted from the gel as described above and precipi-
tated with 20% trichloroacetic acid at —20 C over-
night. The pellets were washed twice with acetone
(—20 C) and dried.

Glutaraldehyde fixation. Samples were fixed for
10 min at 0 C with 5% glutaraldehyde (3).

Preparation of peptide maps. The precipitated
polypeptides were digested directly in the tubes by
the addition of TPCK-trypsin (25 ug in 5 ul of 1 mM
HCI) and 50 ul of 0.1 M ammonium bicarbonate
followed by incubation at 37 C for 4 h. The digests
were lyophilized and dissolved in 150 ul of distilled
water, and the radioactivity of the samples was
counted. The recovery was around 50% of the initial
radioactivity, and all peptides were soluble after
digestion. Samples from each digest were then re-
solved by two-dimensional thin-layer electrophore-
sis and chromatography on plates (20 by 20 cm)
coated with 0.5-mm Whatman CC41 cellulose or on
precoated cellulose plates (10 by 10 cm) from Merck.
The first dimension was electrophoresis (300 V) in
pyridine-acetate buffer at pH 6.5 (acetic acid-pyri-
dine-water, 3:100:900, vol/vol/vol) for the small
plates (25 min), and at pH 5.5 (acetic acid-pyridine-
water, 7:20:970, vol/vol/vol) for the large plates (75
min). The second dimension was ascending chroma-
tography in n-butanol-acetic acid-water-pyridine
(15:3:12:10, vol/vol) for all plates. Radioactive spots
were detected by autoradiography (Fuji medical
X-ray films, exposed for 2 to 3 weeks).

Autoradiography. The polyacrylamide gels were
analyzed by autoradiography by one of the following
procedures.

(i) The gel was dried under vacuum at 64 C on a
Whatmann 3 MM filter paper and exposed to a Ko-
dak X-ray film (XG/14) for 3 to 5 days at room
temperature.

(ii) The gels were treated with 2,5-diphenyloxazol
as described by Bonner and Laskey (4). The gels
were soaked in dimethylsulfoxide 2x 30 min, then
immersed in 4 volumes of 22.2% (wt/vol) 2,5-diphen-
yloxazol in dimethylsulfoxide for 3 h, and finally
immersed in a large volume of water for 1 h to
exchange the dimethylsulfoxide. The vacuum-dried
gel was then exposed to a Kodak RP Royal “X-omat”
film for 1 to 3 days at —70 C. Films were developed
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with a Kodak X-ray film developer (Kodak D-19) for
5 min at room temperature.

Radioisotopes and counting procedures.
[**SImethionine (200 Ci/mmol) and [*H]thymidine
(43 Ci/mmol) were obtained from Radiochemical
Centre (Amersham, Bucks, England). ['“Clacetic
anhydride (30 mCi/mmol) was purchased from New
England Nuclear Corp. (Boston, Mass.). The radio-
active material was sampled on Whatmann 3 MM
filter papers, precipitated with cold 10% trichloroa-
cetic acid, washed twice with 5% trichloroacetic acid
and twice with 70% ethanol, and air-dried. The fil-
ters were counted in a toluene-based scintillation
liquid. Liquid samples were analyzed in Instagel
(Packard).

RESULTS

Characterization of particles from Ad3. In-
direct evidence has been presented (12, 24) sug-
gesting that the empty and incomplete particles
of Ad2 and Ad3 constitute intermediates in vi-
rus assembly. In vitro translation of adenovirus
RNA has furthermore revealed that at least
three of the virion polypeptides (VI, VII, and
VIII) are generated from larger precursors
(pVI, pVII and pVIII, respectively) (2, 17). It
was therefore first necessary to establish
whether empty and incomplete particles of ade-
noviruses contain these precursor polypeptides.
To obtain good yields of the different particles
Ad3 was used, and the material was purified on
CsCl as described above. Virus and incomplete
and empty particles from Ad3, labeled with
[*H]thymidine and [*S]methionine for 8 to 40 h
after infection, were examined on self-generat-
ing CsCl gradients with an initial density of
1.33 g/ml. One gradient contained a mixture of
all three particles. Figure 1 shows that the
incomplete and empty particles band at densi-
ties close to each other, at 1.30 and 1.29 g/ml,
respectively, but only the former contained
[*H]thymidine. Virus has a buoyant density of
1.34 g/ml under these conditions. The polypep-
tides of virions, incomplete particles, and
empty particles were analyzed on exponential
SDS-polyacrylamide slab gels. Polypeptides V
and VII, which constitute the core proteins, are
not present in either empty or incomplete parti-
cles (Fig. 2). Both particles contain, however,
polypeptides with molecular weights of 27,000
(27K) and 26,000 (26K), corresponding to the
size of the precursors to polypeptides VI and
VIII, respectively. In empty particles there is a
relative abundance of polypeptide 27K,
whereas the proportion of 27K to 26K is
changed in favor of the 26K in the incomplete
particles. The ultimate products of processing,
polypeptide VI and VIII, are virtually absent in
empty particles. There are several additional
polypeptides in empty and incomplete particles
(50K, 40K, 33K, and 32K) not present in the
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virion. When large amounts of protein are ana-
lyzed the 100K polypeptide may also be ob-
served.

Tryptic peptide maps. Polypeptides VI and
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Fic. 1. Isodensity gradient centrifugation of the
three classes of Ad3 particles. An artificial mixture of
empty (EP) and incomplete (IP) particles as well as
virions (V) were sedimented in the same gradient
and generated in an angle rotor as described in Mate-
rials and Methods. Symbols: - - -, [*H]thymidine;
, [®S]methionine.
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VIII were purified from unlabeled Ad3 virus by
SDS-polyacrylamide gel electrophoresis on a
13% preparative slab gel. The 27K and 26K
polypeptides were isolated from purified incom-
plete and empty particles in the same way on
10% SDS-polyacrylamide gels. All four polypep-
tides were reisolated on SDS gels and labeled
with ['“Clacetic anhydride as described above.
Figure 3 shows that all polypeptides consist of
single bands after acetylation.

Two-dimensional peptide analyses by cellu-
lose thin-layer electrophoresis and chromatog-
raphy were performed on several samples from
the tryptic digest of each of the polypeptides
acetylated with ["*Clacetic anhydride. The au-
toradiographs obtained from 50% of the mate-
rial from each polypeptide digest, applied to 20
by 20 cm plates, are shown in Fig. 4A and B for
polypeptides VI and 27K and in Fig. 4C and D
for polypeptides VIII and 26K.

It is clear that the autoradiographs obtained
from polypeptides VI and 27K are almost identi-
cal (Fig. 4A and B), including both the positions
and relative intensities of the spots. The pat-
terns indicate that most or all of these peptides
must be derived from the same common pri-
mary structure. The peptide maps for the 26K
and VIII polypeptides show, however, no ob-
vious relationships. Instead, the picture of 26K
is reminiscent of that obtained from 27K and

B
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Fic. 2. SDS-polyacrylamide gel electrophoresis of the polypeptides of the three particle classes of Ad3

Vir.ions ( V), irwompletg (IP), and empty (EP) particles were analyzed on 13% (A) and 10% (B) slab gels. Thx.;
stained virion polypeptides are designated according to Everitt et al. (9) and the non-virion polypeptides are
identified by their molecular weight x 10° (K).
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Fic. 3. Identification of purified acetylated poly-
peptides on SDS-polyacrylamide gels. The four poly-
peptides 27K, 26K, VI, and VIII were isolated on 10
or 13% slab gels, acetylated with ['*C]acetic anhy-
dride, and analyzed on 10 to 18% slab gels together
with a virion marker. The designation of the polypep-
tides is explained in the legend to Fig. 2, and an
autoradiogram of the gel is shown.

VI, although some of the relative spot intensi-
ties are different. This finding was consistent
when the 26K was isolated from either a mix-
ture of incomplete and empty particles or from
incomplete particles. In both cases a simple
contamination of 26K during purification by
the closely migrating 27K band seems ex-
cluded, as shown by SDS-gel electrophoresis
(Fig. 3) of the purified products before peptide
mapping. The results suggest that only a frac-
tion of the 26K polypeptide can constitute the
precursor to polypeptide VIII. The data, how-
ever, establish chemically that polypeptide 27K
is the precursor to virion polypeptide VI, and
the precursor polypeptide may therefore be re-
ferred to as pVI as previously demonstrated by
immunological techniques (17). At most only a
fraction of the 26K polypeptide labeled in vivo
seems to be the pVIII entity revealed immuno-
logically, and the majority of the material in
this position is probably an additional interme-
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diate in the maturation of polypeptide VI (cf.
Fig. 4A and D).

Isolation of assembly intermediates by fi-
coll gradients. Once it was established that
some polypeptides in the protein moiety of im-
mature particles were precursors to virion poly-
peptides, we attempted to isolate particles
formed during assembly with mild methods de-
signed to prevent degradation during isolation.
For this purpose we chose Ad2, which does not
accumulate intermediates in assembly. Pulse-
chase analysis of the assembly pathway was
therefore facilitated. Zonal centrifugation in fi-
coll gradients gave the best recovery of unas-
sembled particles.

KB cells in bottles were infected with
Ad2 and labeled with [*H]thymidine and
[**S]methionine at 15 to 20 h after infection.
The cells were fractionated into cytoplasm and
nuclei. Extracts from each fraction of 2 x 107
cells were layered on ficoll gradients. Mock-
infected cells were analyzed in the same way
with [*S]methionine as the label. Mock-in-
fected cells contain no [*S]methionine-labeled
particles sedimenting into the gradients under
these conditions (Fig. 5B and D). Control exper-
iments with [*H]thymidine-labeled mock-in-
fected cells showed that no DNA label sedi-
ments with S values larger than 400S under
these conditions (data not shown). On the other
hand, when extracts from infected nuclei were
analyzed two peaks were seen, one sedimenting
fast as intact virions at 750S and labeled both
in the DNA and in the protein moieties. The
slower sedimenting peak appeared to contain
less DNA, and it was heterogeneous in sedi-
mentation rate, from 550S to 670S. This second
peak is referred to as the intermediate (IM)
peak. The gradient with the cytoplasmic ex-
tract (Fig. 5C) shows only low radioactivity in
the IM peak region and shows a peak corre-
sponding to the virus peak of the nuclear ex-
tract, although the sedimentation rate was con-
stantly slightly faster for the cytoplasmic virus.
All gradients contain large amounts of labeled
material at the top, which is not shown in the
figures. Reconstruction experiments with ade-
novirus cores generated with pyridine (20) re-
vealed that free cores sedimented at the top of
the gradient (data not shown). The material in
the peak fractions was further analyzed on
CsCl gradients and by polyacrylamide gel elec-
trophoresis.

Density of the particles from ficoll gra-
dients. The IM peak from nuclear extracts (Fig.
5A) contained fragile particles that fell apart
when analyzed in CsCl gradients without fixa-
tion, as shown below. Even when left in ficoll at
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Fi1c. 4. Tryptic peptide maps of acetylated polypeptides. The polypeptides were digested by trypsin and
separated in two dimensions as described in Material and Methods. (A) Polypeptide VI; ( B) polypeptide 27K ;

(C) polypeptide VIII; (D) polypeptide 26K .

4 C most of the material in the IM fraction
degraded within 48 h. The material from the
ficoll gradients was therefore fixed with glutar-
aldehyde and analyzed on CsCl gradients con-
taining 0.5% Brij-58. Figures 6A and B show

the patterns obtained when the virus materials
from cytoplasm and nuclei were analyzed. Both
contain only one band at the density of virions.
The pattern of material from the IM peak (Fig.
6C) shows three distinct peaks in CsCl, one
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corresponding to the density of virions but with
a more heterogeneous density distribution. The
peak with low density contains almost no DNA
label, and since this material shows a density of
1.30 g/ml it probably represents empty capsids.
The heavy material with a density of 1.39 g/ml
has a high ratio between the DNA and protein
label. This fraction may contain fragments of a
core structure, since pyridine cores fixed with
glutaraldehyde band at this density (data not
shown). When individual fractions of the IM
peak in ficoll gradients were analyzed after
glutaraldehyde fixation, the high density frac-
tion increased at lower sedimentation rates,
suggesting that the core-like structure was
more abundant at low S values. Since artificial
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Fic. 5. Ficoll gradient centrifugation of nuclear
and cytoplasmic extracts from adenovirus- and mock-
infected KB cells. The cells were labeled from 15 to 20
h after infection with [*HJthymidine and
[*S]methionine, and nuclear and cytoplasmic ex-
tracts were layered on top of 5 to 12.5% ficoll gra-
dients as described in Material and Methods. The
gradients were centrifuged at 85,000 x g for 105
min. The regions corresponding to nuclear virus
(NV), intermediates (IM), and cytoplasmic virus
(CV) were separately pooled as indicated. (A) Nu-
clear extract from infected cells; (B) nuclear extract
from mock-infected cells; (C) cytoplasmic extract
from infected cells; (D) cytoplasmic extract from
mock-infected cells. Symbols: O, [*H]thymidine; @,
[*S]methionine.
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Fi1c. 6. Isodensity gradient centrifugation of glu-
taraldehyde-fixed particles from Ad2 isolated from
ficoll gradients. Material from the ficoll gradients
were pooled as indicated in the legend to Fig. 5, fixed
with glutaraldehyde, and sedimented to isodensity in
CsCl gradients. (A) Nuclear virus; (B) cytoplasmic
virus; (C) material from the IM peak. Symbols: O,
[*H]thymidine; ®, [¥S]methionine.

cores sediment at the top of the gradient (see
above), these findings suggest that the core
structure is loosely associated with capsids in
the intermediates.

Polypeptide pattern of the particles. Mate-
rial from the three peaks observed in ficoll gra-
dients was further analyzed on SDS-polyacryl-
amide gels. The fractions indicated in Fig. 5
were pooled, trichloroacetic acid precipitated,
and analyzed on exponential slab gels. An auto-
radiograph of these gels is shown in Fig. 7.
When the cells were labeled with [**Slmethio-
nine from 15 to 20 h after infection, the virion
fraction from nuclear and cytoplasmic extracts
showed similar polypeptide patterns. All virion
polypeptides are labeled and, in addition, espe-
cially in the nuclear fraction, the precursor
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polypeptides pVI and pVII are strongly labeled. strongly labeled, and two more polypeptides
In the IM material virion polypeptides VI, VII, can be observed banding in the position corre-

and VIII contained only low levels of radioactiv- sponding to molecular weights of 100,000 (100K)
ity. The precursors pVI, pVII, and 26K are and 50,000 (50K), respectively. This pattern is

IM NV Cv

100 K— . '
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Fic. 7. SDS-polyacrylamide gel electrophoresis of the Ad2 particle classes from the ficoll gradients. The
pooled fractions indicated in Fig. 5 corresponding to the intermediates (IM), nuclear virus (NV), and
cytoplasmic virus (CV) were acid precipitated and analyzed on 10 to 18% slab gels. An autoradiogram of the
gel is shown. The designation of polypeptides is explained in the legend to Fig. 2. The gel strips contain
considerable radioactivity at the top since the samples contained [*H]thymidine in the DNA moiety.
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different from that observed of stained polypep-
tides in empty particles of Ad3 (Fig. 2), where
polypeptides pVII and V are not observed. It is
possible that polypeptides V and pVII are con-
stituents of the heavy peak in the CsCl gra-
dients (Fig. 6C). The topography of the 100K
and the 50K polypeptides is still unknown.

To make a direct comparison between the
intermediates isolated by CsCl gradient cen-
trifugation (Fig. 1 and 2) and those revealed by
ficoll gradient centrifugation, Ad3 was also an-
alyzed in ficoll gradients followed by SDS-poly-
acrylamide gel electrophoresis and CsCl gra-
dient centrifugation.

The same pattern as shown in Fig. 5 was
observed for nuclear and cytoplasmic extracts
of Ad3 in ficoll gradients. When material from
the IM peak was analyzed by CsCl gradient
centrifugation with and without fixation with
glutaraldehyde, it was revealed that the un-
fixed core structure is disintegrated during
CsCl centrifugation (Fig. 8A and B). Figure 8C
finally shows that the labeled polypeptide pat-
tern of the Ad3 intermediate particles differ
from those observed from CsCl-purified parti-
cles. Most pronounced is the lack of polypeptide
V and pVII in the CsCl-purified particles. A
comparison of the autoradiograms with the
stained polypeptides presented in Fig. 2 reveals
furthermore that polypeptide 40K in the parti-
cles is unlabeled and therefore probably of host
origin.

Infectivity of the precursor particles. Since
the intermediates and the nuclear virus are
rich in precursor polypeptides, it was of interest
to determine the infectivity of nuclear and cyto-
plasmic virus and to determine whether the IM
material is infective.

KB cells, grown in bottles and infected with
Ad2, were labeled with [**S]methionine from 15
to 20 h after infection. The cells were fraction-
ated, extracts from the nuclei were subjected to
ficoll gradient centrifugation, and the fractions
were assayed for infectivity. Figure 9 shows
that there is a 30-fold decrease in infectivity
from the virus peak to the IM peak. The ob-
served infectivity in the IM region could depend
upon the trailing of virus into this region.

The specific infectivity of cytoplasmic and
nuclear virus was also investigated. Ad2-in-
fected KB cells were labeled with [**SImethio-
nine from 8 to 16 or 8 to 20 h after infection.
Under these conditions the virus is assumed to
be uniformly labeled, and the amount of virus
should be proportional to the amount of radio-
activity incorporated. The cytoplasmic and
nuclear extracts were prepared, and the virus
was purified by CsCl gradient centrifugation
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as described above. The infectivity of the puri-
fied virus was assayed, and the specific infec-
tivity was expressed as fluorescent focus units/
cpm. Table 1 shows that there is no significant
difference in specific infectivity between nu-
clear and cytoplasmic virus, either at 16 or 20
h postinfection. This may indicate that nuclear
virus that contains precursor polypeptides is as
infective as cytoplasmic virus. However, since
only around 1% of the particles are infectious,
the infectivity may be due to contaminating
cytoplasmic virus.

Since virus material was recovered from both
nuclei and cytoplasm, it was necessary to estab-
lish whether the virus in the cytoplasm only
represents artificial leakage of mature virus
from the nuclei. Ad2 was grown in HeLa spin-
ner culture under one-step growth conditions.
Samples were taken at intervals from 16 to 24 h
after infection, and the cells were fractionated
in a nuclear and a cytoplasmic fraction. The
sonically treated material was assayed for in-
fectivity, and the number of fluorescent focus
units per 10° cell equivalents was determined.
Figure 10 shows that there is a continuous in-
crease of infectivity in the cytoplasmic fraction
but that the nuclear fraction contains more
infectivity at the start with a slight decrease at
20 h postinfection, when infectivity of the cyto-
plasm was still increasing. The ratio of fluores-
cent focus units between the nucleus and the
cytoplasm shows a decrease from 1.2 to 0.4 dur-
ing this period, suggesting that mature virus is
selectively released to the cytoplasm under
these conditions. The cytoplasmic virus may
therefore represent a more mature fraction of
assembled virus than the nuclear fraction.

Pulse-chase experiments. Pulse-chase ex-
periments were performed to establish whether
the intermediate particles are precursors in vi-
rus assembly. HeLa spinner cells were infected
with Ad2 and pulse-labeled with [**S]methio-
nine for 15 min at 14 h postinfection, followed
by a chase for 7 h. Cells (2 x 107) were with-
drawn at intervals, and the cytoplasmic and
nuclear extracts were prepared and analyzed
on ficoll gradients. The radioactivity was con-
stant throughout the chase. Figure 11 shows
the distribution of label on the ficoll gradients
at different times during the chase. After a
chase of 1.5 h the radioactivity is mostly con-
fined to the intermediate peak in the nuclear
extract. No radioactivity is observed in the cy-
toplasmic virus peak at this time. The label in
the nuclear intermediates decreases to a con-
stant level after 5 to 7 h of chase. Radioactivity
in the nuclear virus material increasesupto5h
and is then constant. The cytoplasmic virus is
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F1Gc. 8. Isodensity gradient centrifugation and polypeptide composition of particles from Ad3 isolated on
ficoll gradients. Nuclear extracts of ad3 virus-infected cells labeled with [*H Jthymidine and [*S]methionine
from 15 to 20 h postinfection were separated on ficoll gradients, and the intermediate class of particles was
fixed with glutaraldehyde and analyzed on CsCl gradients (A) as described in the legend to Fig. 6. A CsCl
gradient of unfixed material is included for comparison (B). Symbols: O, [*H]thymidine; ®, [¥S]methionine.
(C) An autoradiogram of the [*S]methionine labeled polypeptide pattern of Ad3 particles recovered from the
intermediate fraction (IM) of ficoll gradients. A labeled polypeptide pattern of incomplete (IP) and empty (EP)
particles as well as virions isolated on CsCl gradients (see Fig. 2) are included for comparison.
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Fic. 9. Virus infectivity in different size classes
across a ficoll gradient. [®*S]methionine-labeled nu-
clear extract was sedimented in a 5 to 12.5% ficoll
gradient. The fractions were pooled as indicated and
assayed for infectivity.

TABLE 1. Specific infectivity of nuclear and
cytoplasmic adenovirus®

Nuclear vi-  Cytoplasmic
Timepi. TP rug (FFU/  virus (FFU/
1on cpm) cpm)
16 1 342 511
2 491 419
20 1 304 427
2 370 407
3 442 370

@ Cells were labeled from 8 to 16 or 8 to 20 h
postinfection (p.i.) with [**S]methionine as de-
scribed in Material and Methods, and nuclear and
cytoplasmic virus was purified by CsCl gradients.
Infectivity and radioactivity was determined on the
preparations, and the specific infectivity is ex-
pressed as fluorescent focus units (FFU)/cpm.

first labeled at 3 h after the pulse, and the label
rapidly increases throughout the chase. Addi-
tional experiments established that radioactiv-
ity does not appear in the particles before 30
min of chase and that the radioactivity in the
nuclear IM peak reached a maximum at 1to 1.5
h after the pulse. The nuclear virus peak was
labeled first at 1.5 h and showed a maximum at
4 to 5 h. Labeled cytoplasmic virus is only pres-
ent after 3 h of chase.

These experiments suggest that the nuclear
intermediates are precursors in virus assembly
and that the newly assembled virus is rapidly
released from the nucleus to the cytoplasm dur-
ing cell fractionation.
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Processing of polypeptides during chase.
The pooled fractions from the pulse-chase ex-
periments shown in Fig. 11 were prepared for
SDS-polyacrylamide gel electrophoresis, and
an amount of label corresponding to 5 x 10° cell
equivalents was applied from each pool. Figure
12 reveals that the radioactivity of the polypep-
tides pVI, 26K, and pVII are chased almost
completely from the intermediates within a 5-h
chase period. The products, corresponding to
virion polypeptides VI, VII, and VIII, increase
in radioactivity in the virus bands as the chase
proceeds. In the nuclear virus peak radioactiv-
ity is first observed at 1.5 h after chase, but
radioactivity is partially confined to the precur-
sor polypeptides at early times. Late in the
chase the cytoplasmic virus is heavily labeled
in the bands corresponding to polypeptides VI,
VII and VIII but contains only traces of label in
the precursors. It was ascertained that the ra-
dioactivity in precursor polypeptides are
mainly confined to the IM fraction immediately
after the chase, with significantly less in the
top fraction of the gradients (data not shown).

An attempt to quantitate the radioactivity in
the autoradiogram was made to establish the
relationship between the precursors and the
mature virion products VI, VII, and VIII. Al-
though the method is uncertain, due to nonline-
arity in film darkening, the autoradiograms
were scanned with a Joyce-Loebl densitometer,
and the sum of the peak areas was determined
for the polypeptides involved in processing. The
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Fi1G. 10. Infectivity in nuclear and cytoplasmic ex-
tracts at different times after infection with Ad2.
Symbols: ®, nuclear infectivity; B, cytoplasmic in-
fectivity; A, ratio of infectivity between nuclei and
cytoplasm.
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Fi1c. 11. Pulse-chase analysis of adenovirus particles by centrifugation in ficoll gradients. Ad2-infected
cells were labeled for 5 min with [*S/methionine at 14 h after infection and chased with a 200-fold excess of
cold methionine. Samples were taken at indicated times for 7 h during the chase and nuclear (N) and
cytoplasmic (C) extracts were analyzed on 5 to 12.5% ficoll gradients. Materials from the nuclear virus (NV),
cytoplasmic virus (CV), and intermediate (IM) peaks were separately pooled.

Vv I'M NV CV
.2 % &0 2.3

-

p¥IL
- ist

|
i

V[ —— | ameesme.
Yi—
X— — - S—

X B

FiG. 12. SDS-polyacrylamide gel electrophoretic analyses of a pulse-chase experiment. Material from the
intermediates (IM), nuclear virus (NV), and cytoplasmic virus (CV) was pooled as indicated in the legend to
Fig. 11, precipitated with acid, and analyzed on 10 to 18% SDS polyacrylamide slab gels. Autoradiograms of
the gels are shown. The designation 1, 2, 3, and 4 correspond to 1.5, 3, 5 and 7 h of chase, respectively. V
denotes a virus marker analyzed in the same slab gel and identical to the CV4 lane.
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kinetics plotted in Fig. 13A shows that most of
the radioactivity that disappeared from pVI can
be accounted for in polypeptide VI after 7 h of
chase. Figure 13B shows that only 10 to 20% of
the label that was chased from 26K appeared in
polypeptide VIII, which again emphasizes that
only a fraction of the 26K can possibly be the
precursor to polypeptide VIII. The chase of ra-
dioactivity from pVII was almost complete, but
the appearance of radioactivity in VII was not
quantitative, and only about 50% of the initial
pVII radioactivity was observed in polypeptide
VII (Fig. 13C). Core fragments generated by
sonic treatment may, however, sediment at the
top of the gradients and can therefore not be
recovered in the IM region. The radioactivity of
the precursors is, however, all chased out of
the intermediates, in contrast to the ineffective
chase of the radioactivity in the major capsid
proteins (Fig. 12). The results suggest that the
proposed intermediates are precursors in virus
assembly.

DISCUSSION

The present study identifies some of the in-
termediates in assembly of adenovirus with the
aid of pulse-chase labeling kinetics, taking ad-
vantage of the fact that the precursor polypep-
tides pVI and pVII are cleaved to the virion
polypeptides VI and VII during the final step in
maturation (12). The first intermediate is
fragile and heterogeneous in size (550S-670S).
They are probably composed of capsids associ-
ated with the core of the virus. Most of the core
material is, however, released when the same
material is purified on CsCl gradients without
fixation (Fig. 8). The particles previously iso-
lated by CsCl gradient centrifugation (12, 19,
21, 24, 25) are therefore probably generated
during purification and stripped of their core
components. The nonvirion polypeptide 50K,
which may correspond to IVa, (9), is associated
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with the ficoll intermediates and incomplete
particles but scarce in empty particles purified
by CsCl (Fig. 2 and 8; 24). This polypeptide may
therefore be associated with the cores but re-
leased at subsequent steps in assembly. One
host polypeptide (40K) and two virus-induced
polypeptides 33K and 32K may also be associ-
ated with the intermediates, irrespective of the
purification method. Some of these proteins
may serve as scaffolding proteins during assem-
bly. It has not been possible to establish
whether the core is introduced into preformed
capsids or the capsid is laid down on a pre-
formed core since the intermediates are, as
shown here, associated with cores (Fig. 6). Our
isolation procedure of the fragile intermediates
may not be optimal since sonic treatment was
used to release the virus material from the
nuclei, which may lead to fragmentation of the
core. A method which will release the particles
without fragmentation or stripping of the pro-
teins from DNA would be highly desirable.
The second class of particles corresponds to
the young virions described by Ishibashi and
Maizel (12) that are formed in the nuclei and
not readily released to the cytoplasm during
cell fractionation. They contain several of the
precursor polypeptides, sediment as intact viri-
ons at 7508, and are resistant to CsCl gradient
centrifugation. The final step in maturation
involves cleavage of the precursor polypeptides.
The proteolytic activity involved in this step
may therefore reside in the young virions (12).
The cleavage of the precursor polypeptides is
accompanied with a release of the particles to
the cytoplasm when cell lysis is carried out at
low ionic strength in the presence of detergents.
The release of mature virions to the cytoplasm
may not occur in vivo, since all particles are
confined to the nuclei when infected cells are
examined in the electron microscope (5, 16).
Therefore, the mature particles may be progres-
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Fic. 13. Kinetic analysis of the flow of radioactivity from the precursor polypeptides to their products. The
autoradiograms shown in Fig. 12 were scanned, and the peak areas in arbitrary units were calculated for the
precursors and their products in fractions containing virus and assembly intermediates. They were plotted
against the time of the chase. Symbols: (A) O, pVI; @, VI; (B) O, 26K; @, VIII; (C) O, pVII; @, VII.
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sively displaced toward the nuclear membrane,
which results in a release through a porous
membrane to the cytoplasm during cell frac-
tionation. The release is, however, not unspe-
cific since the released particles contain cleaved
precursors and the kinetics of release varies
during maturation (Fig. 11). Both nuclear and
cytoplasmic virus have, on the other hand, the
same specific infectivity (Table 1), which is sur-
prising in the light of the finding that a temper-
ature-sensitive mutant of Ad2 (Ad2¢s1) is defec-
tive in precursor cleavage and therefore nonin-
fectious at the nonpermissive temperature (26).
The nuclear and cytoplasmic fractions may,
however, be contaminated with each other in
the wild type, which could obscure a difference
in specific infectivity.

This report has thus established at least
three steps in virus assembly: intermediates,
young virions, and mature virions. It would be
interesting to analyze the temperature-sensi-
tive mutants of Ad5 in this system (28). Prelim-
inary results (B. Edvardsson, S. Ustacelebi, J.
F. Williams, and L. Philipson, manuscript in
preparation) indicate that only the fiber mu-
tants (Ad5ts5, Ad5ts9, Ad5ts22), and in addition
Ad5ts19, process their precursor proteins at
nonpermissive temperatures, suggesting that
virus from these mutants go through assembly
to the final step but form noninfectious parti-
cles. Analysis on ficoll gradients reveals inter-
mediates but no virus peaks in these mutants,
which infers that the virus is unstable and falls
apart under restrictive conditions. This inter-
pretation is corroborated by the fact that these
mutants shows a lag of 3 to 5 h for virus assem-
bly and synthesize virions de novo in shift-down
experiments (Edvardsson et al., manuscript in
preparation). All other late s mutants of Ad5
(22, 28) do not process their precursors (Ed-
vardsson et al., manuscript in preparation). In
light of the findings presented here it may be
more rewarding to look for assembly intermedi-
ates among the mutants that are defective in
precursor cleavage, since this event occurs very
late in virus maturation. The fragility of the
assembly intermediates imposes restrictions on
the purification of these components and it is
probably necessary to design an in vitro system
to unravel the details of the assembly pathway.
Winters and Russell (29) reported that viral
DNA synthesized in an arginine-deficient sys-
tem could assemble into virions when mixed
with extracts from cells maintained in normal
medium. A similar system may be required to
understand the details of adenovirus assembly.
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