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An isopycnic Metrizamide-detergent gradient system was developed in which
the newly synthesized precursor (polypeptide P-VII) to the major core protein of
adenovirus type 2 (polypeptide VII) was confined to a spectrum of complexes
with densities equal to or higher than that of adenovirions. The majority of the
newly synthesized P-VII was, at the beginning of the logarithmic period of virus
production, present as an entity of protein density. This pool of P-VII was
efficiently depleted. P-VII was also associated with high-molecular-weight struc-
tures of intermediate density, sharing some properties with empty capsids or
incomplete particles. The transfer of P-VII from the intermediate-density region
was not quantitative, and only particles of true virion density subsequently
contained polypeptide VII. No structures equivalent to the core structure of
disrupted virions or identical to incomplete particles were detected in this
system. A temperature-dependent transition of radioactivity from polypeptide
P-VII into polypeptide VII was also detectable after in vitro incubation of P-VII-
containing complexes. Addition of Ad2-infected cell extracts was required for
processing of complexes derived from regions of protein density, whereas P-VII

was processed spontaneously upon incubation in complexes of virion density.

The structural organization and topography
of the adenovirus type 2 (Ad2) polypeptides
have been studied extensively (4, 8). Two to five
different classes of incomplete particles (16, 19,
21) or top components (TCs) (12, 14) have also
been identified with the aid of equilibrium den-
sity centrifugation in CsCl. Some of these parti-
cles have been shown to contain fragments of
viral DNA (6). Examination of the total poly-
peptide content of incomplete particles reveals
(i) the presence of polypeptides not found in
mature virions, and (ii) the absence of the in-
ternally located virion polypeptide VI and the
two core polypeptides, V and VII (12, 19, 21).
Data from protein pulse-chase experiments
have suggested a precursor-product relation-
ship between some classes of incomplete parti-
cles and virions (12, 19, 21).

In this study we describe the identification of
an efficiently depleted “free pool” of newly syn-
thesized precursor (polypeptide P-VII) to the
major core protein of Ad2. A spectrum of com-
plexes with densities between those of protein
and virions also contain P-VII. The precursor-
product relationship between the 20,000-molec-
ular-weight polypeptide P-VII and the core pro-
tein (polypeptide VII; 18,500 molecular weight)
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is well established from studies on protein syn-
thesis both in vivo (1) and in vitro (2, 7, 15).
Therefore, we suggest that the complexes iden-
tified here are related to mature adenovirions
in a precursor-product relationship.

MATERIALS AND METHODS

Cells and virus. KB cells were cultivated in sus-
pension cultures in Eagle minimal essential me-
dium (Eagle MEM) (Flow Laboratories, Inc., Rock-
ville, Md.) supplemented with 5% horse serum
(Flow Laboratories, Inc., Rockville, Md.). Cells
were routinely cultured for mycoplasmas.

Stock preparations of Ad2 were prepared as previ-
ously described (10). To increase the virus yield, a
solubilization step was included in which 1% (vol/
vol) n-butanol was added to the ultrasonically
treated cells. After 1 h of incubation on ice with
frequent mixing, the cell extract was centrifuged at
500 x g for 20 min. The supernatant was processed
further as described (10). Purified virus was di-
alyzed extensively against 10% (vol/vol) glycerol-1
mM MgCl, in 0.01 M Tris-hydrochloride buffer, pH
7.5, frozen in a dry ice-ethanol bath, and stored at
—-170°C.

Pulse-chase isotope labeling of protein. Before
pulse-labeling, KB cells productively infected with
2,000 particles of Ad2 per cell were sedimented and
washed once in Earle salt solution containing 5%
horse serum. The cells were resuspended and per-
mitted to equilibrate for 10 min at a density of 2 x
107 cells/ml in Earle salt solution with /20 volume of
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Eagle MEM and fortified with 5% horse serum. At
14 or 16.5 h postinfection (p.i.), [**S]methionine was
added (400 xCi/ml; 276 Ci/mmol) to the cell suspen-
sion and permitted to incorporate for 5 or 20 min,
respectively. After the pulse, the first cell sample
was removed and diluted in ice-cold phosphate-
buffered saline containing 215 ug (140 times the
concentration during isotope labeling) of methionine
per ml. After sedimentation the cells were resus-
pended in 0.01 M Tris-hydrochloride (pH 8.1)-1 mM
EDTA-1 mM phenylmethane sulfonyl fluoride (TEP
buffer) and frozen in a dry ice-ethanol bath. Unla-
beled methionine was added to the remaining cells
to give a concentration of 215 ug/ml; these cells were
sedimented, washed once in chase medium (Eagle
MEM containing 215 ug of methionine per ml), di-
luted, and further incubated in chase medium at a
cell concentration of 3 x 10° cells/ml.

Pulse-chase labeling of DNA. The “temperature-
shift” procedure described by Schilling et al. (20)
was applied. KB cells productively infected with
2,000 Ad2 particles/cell were sedimented at 4°C and
resuspended in cold Eagle MEM at a cell density of
107 cells/ml. After temperature equilibration at 4°C
for 5 min, [*Hlthymidine (100 xCi/ml; 53 Ci/mmol)
was added to the cells at 16.5 h p.i. The isotope was
permitted to incorporate for 15 min at 4°C, after
which the cells were sedimented at 4°C and resus-
pended in prewarmed medium containing the same
concentration of isotope as before. After further in-
cubation at 37°C for 15 min, the first cell sample was
removed and diluted in ice-cold phosphate-buffered
saline containing 2 X 1072 M thymidine, sedi-
mented, resuspended in TEP buffer, and frozen. The
remaining cells were sedimented, washed, and
chased at a concentration of 3 x 10° cells/ml in Eagle
MEM containing 2 x 10~* M thymidine. Throughout
the isotope incubation and chase, samples were re-
moved, precipitated, and monitored for incorporated
isotope. During the period of isotope equilibration
and phosphorylation at 4°C, a linear increase in
isotope uptake was demonstrated (from 100 to 200
cpm/10° cells). After the temperature shift,
[*Hlthymidine was incorporated at a 50- to 100-fold
greater rate (yielding approximately 20,000 cpm/10°
cells). No net increase of trichloroacetic acid-precipi-
table radioactivity was detected during the chase.

Preparation of samples for Metrizamide-Triton
density centrifugation. Infected cells were frozen in
TEP buffer at —70°C. After rapid thawing the cells
were ultrasonically treated four times, 15 s each, at
0°C, Triton X-100 was added to 0.5% (vol/vol), and
the preparation was incubated for 1 h with frequent
mixing. After centrifugation at 300 x g for 10 min,
the extract was analyzed on preparative Metriza-
mide-detergent gradients.

Equilibrium density centrifugation. Preparative
gradients of Metrizamide (Nyegaard and Co., A/S,
Oslo, Norway) were made by mixing 6.5 ml each of
20 and 60% (wt/vol) Metrizamide in 0.01 M Tris-
hydrochloride buffer (pH 8.1), 1 mM EDTA, and
0.5% (vol/vol) Triton X-100 (20 to 60% MAT gra-
dients). Metrizamide solutions were freshly made,
and the gradients were stored overnight at 4°C,
shielded from light, and used the next day. All
samples were made up to 3 ml, to which was added 1
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ml of 80% (wt/vol) MAT, and centrifuged in an
SW27.1 rotor at 25,000 rpm for 62 to 67 h at 4°C.
Fractions were collected from the bottom of the
tubes. Analytical gradients in MAT were made by
mixing 2.2 ml each of 40 and 48% (wt/vol) MAT, and
centrifugations were performed in an SW50.1 rotor
at 38,000 rpm for 62 to 67 h at 4°C.

Preparation of density markers. Virus from ul-
trasonically treated and n-butanol-extracted cells
was concentrated by sedimentation on to a double-
layered cushion of CsCl (p = 1.32 and 1.40 g/cm?).
The virus material floating on the denser part of the
cushion was removed, diluted in 0.05 M Tris-hydro-
chloride buffer (pH 8.1), and centrifuged on a pre-
formed CsCl gradient (1.32 to 1.36 g/cm?® in an
SW50.1 rotor at 30,000 rpm for 10 h. The virus band
was dialyzed against 10% (vol/vol) glycerol in 50 mM
Tris-hydrochloride buffer (pH 8.1) and sedimented
in an SW40 rotor through 10 ml of 30% (wt/vol)
sucrose onto a cushion of CsCl (p = 1.40 g/cm?). The
sedimented virus material was finally diluted in
CsCl (p = 1.345 g/cm®) and banded on a self-generat-
ing CsCl gradient in a fixed-angle Ti50 rotor centri-
fuged at 30,000 rpm for 10 h. The virus banded in a
narrow and symmetric peak with a mean density of
1.345 g/cm?®. The recovered virus was dialyzed and
stored as described under the section “Cells and vi-
rus.” Highly purified Ad2 virions, labeled with !*C-
labeled amino acids, were added to a [*H]thymidine-
labeled extract of virus-infected cells. The extract
was subjected to equilibrium density centrifugation
in the preparative MAT system. The '“C radioactiv-
ity banded at the same density as the visible 3H-
labeled virus material, thus indicating that exten-
sive purification in the CsCl system did not alter the
buoyant density of virions when compared with the
virus material transferred directly from the cellular
environment into the MAT system.

Ad2 virion core structures, virion group of nine
hexon structures, and virion DNA was prepared as
described by Prage et al. (18), Maizel et al. (14), and
Tibbetts et al. (22), respectively. The buoyant den-
sity of these structures was established after centrif-
ugation, individually and in mixtures, in the pre-
parative and analytical MAT density gradient sys-
tem. The same buoyant densities were obtained ir-
respective of the type of gradient and sample mix-
ture used. The buoyant densities obtained in the
MAT system were: 1.27 to 1.30 g/cm? for group of
nine hexon structures, 1.245 g/cm?® for Ad2 virions,
1.225 g/cm?® for virion core structures and 1.13 g/cm?
for virion DNA.

Polyacrylamide-gel electrophoresis. Samples
were recovered from MAT gradients after precipita-
tion with 20 volumes of 95% ethanol and incubated
overnight at 4°C. After two washes with 90% ethanol
and one with ethanol-ether (1:1), the samples were
air dried overnight at room temperature and subse-
quently dissolved as described elsewhere (11). Anal-
ysis of the samples was carried out on sodium dode-
cyl sulfate (SDS)-polyacrylamide slab gels (13%; 1.5
mm thick, 70 mm wide, and 70 mm long), which
were subjected to electrophoresis, stained, and proc-
essed for autoradiography as previously described
9.

Liquid scintillation spectrometry. Samples ob-
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tained from MAT gradients were collected and dried
on filters of Whatman no. 1 paper, precipitated with
10% trichloroacetic acid, washed twice each in 5%
trichloroacetic acid and 70% ethanol, and washed
once in ethanol-ether (1:1). Thoroughly dried filters
were counted in 5 ml of toluene-based Spectrafluor
(Amersham/Searle, Il1.). Gel slices obtained from
electrophoresis experiments were hydrolyzed in 0.5
ml of 2 M NaOH at 65°C overnight. Ten milliliters of
Aquasol (New England Nuclear Corp., Boston,
Mass.) containing 10% water was added to the hy-
drolysates. A Beckman LS-250 liquid scintillation
counter with automatic quench correction was em-
ployed for determination of radioactivity. Radioiso-
topes were purchased from New England Nuclear
Corp., Boston, Mass.

RESULTS

Isopycnic density centrifugation of virus-
s,.ecific DNA and protein. We first analyzed
the density distribution in MAT gradients of
Ad2-specific DNA and protein, radioactively la-
beled late in the productive cycle. Approxi-
mately 25% of the [*H]thymidine-labeled mate-
rial was confined to a region coinciding with the
density of virions (Fig. 1A). The virus-specific
proteins banded in the virion region and at a
lower density in a distinct peak (Fig. 1B). The
radioactivity profile of an extract pulse labeled
for protein and continuously labeled for DNA is
shown in Fig. 1C. The newly synthesized pro-
teins banded in two major density regions, one
obviously denser than the region containing the
majority of continuously labeled DNA. Frac-
tions from the MAT gradients were pooled and
analyzed on SDS-polyacrylamide slab gels. The
stained gel revealed that late in infection, the
extractable cell content of polypeptide P-VII-
containing complexes was confined to a region
with densities equal to or higher than that of
virions (Fig. 2A). Although purified Ad2 viri-
ons normally contain low concentrations of pre-
sumably unprocessed P-VII (11), some regions
of the MAT gradients contain equivalent
amounts of P-VII and VII, indicating that P-VII
may be confined to complexes distinct from viri-
ons. This was confirmed by analysis of the
pulse-labeled material (Fig. 1C), in which most
of P-VII is confined to a density region denser
than those of virions and virus-specific DNA-
protein complexes (Fig. 2B).

Pulse-chase isotope labeling of protein. A
pulse-chase experiment was carried out to de-
termine the fate of newly synthesized P-VII.

Fic. 1. Isopycnic MAT centrifugation of isotope-
labeled material in infected cells. Two spinner cul-
tures of KB cells synchronously infected with 2,000
particles of Ad2 per cell were separately labeled with
[*H]Jthymidine (1 uCi/ml, 53 Ci/lmmol) at 17 h p.i. or
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with [*S]methionine (3.3 uCilml, 276 Ci/mmol) at
20 h p.i. At 48 h p.i. the cells were harvested by
centrifugation, resuspended in TEP buffer, and proc-
essed for preparative MAT density gradient centrifu-
gation as described in Materials and Methods. (A)
3H radioactivity profile after isopycnic centrifugation
of 6 x 107 cell equivalents. The horizontal bar indi-
cates the position of the visible virus band. (B) Den-
sity distribution of **S-labeled virus-specific proteins.
As an internal density marker, 7.4 x 10° cpm of
highly purified [*H]thymidine-labeled Ad2 virions
(1.6 x 10° cpm/10** particles) were included. (C)
Radioactivity profiles after isopycnic banding of 107
cells labeled in the same experiment with
[*H]Jthymidine (10 uCi/ml, 50 Ci/mmol) between 14
and 18.5 h p.i., and with [*S]methionine (30 uCi/
ml, 265 Ci/mmol) between 16.5 and 18.5 h p.i. The
arrow indicates the position of the visible virus band.
The density increases to the left (from higher to lower
fraction numbers). Fractions indicated by horizontal
bars in panels (B) and (C) were subjected to electro-
phoresis (see Fig. 2).
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Fic. 2. SDS-polyacrylamide gel electrophoresis of proteins recovered after MAT density centrifugation.
(A) Stained electropherogram of proteins recovered from fractions indicated in Fig. 1B. (B) Autoradiogram of
isotope-labeled proteins recovered from fractions indicated in Fig. 1C. Marker virions are indicated by (V),
and virion polypeptides are denoted as described by Maizel et al. (13) and Everittetal. (11). The virus-induced
polypeptides are denoted by their molecular weights x 1073, as introduced by Anderson et al. (1).

Cell samples were obtained after a 20-min pulse
with [*SImethionine at 16.5 h p.i. and after a
subsequent 8-h chase (see Materials and Meth-
ods). The cells were subjected to detergent ex-
traction and isopycnic centrifugation in the pre-
parative MAT system (Fig. 3). After the pulse,
most of the labeled proteins were confined to
complexes with low density, but also to a small
peak in the high-density region. After the chase,
a shift in the overall profile of radioactivity was
apparent, with a peak in the position of the

visible virion band. The pattern of radioactivity
in Fig. 3B resembles the profile obtained after 2
h of protein labeling demonstrated in Fig. 1C.
Fractions from both gradients (pulse and chase)
were precipitated as indicated and analyzed for
stainable and isotope-labeled polypeptide con-
tent on SDS-polyacrylamide slab gels (Fig. 4).
The stained gels, the autoradiograms, and the
subsequent removal and counting of specific
polypeptides from these same gels reveal that
the majority (65%) of newly synthesized poly-
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peptide P-VII was confined to a denser region
than that of virions (p = 1.245 g/cm?). After the
8-h chase, 40% of the total radioactivity in poly-
peptide P-VII throughout the gradient re-
mained in the dense region (p = 1.27 to 1.30 g/
cm?®), and 80% of the total radioactivity in poly-
peptide VII throughout the gradient was pres-
ent in complexes with a mean density of 1.25 g/
cm?®. After the chase, 55% of the total radioac-
tivity in polypeptides P-VII plus VII through-
out the gradient remained in polypeptide P-VII,
indicating that the transfer of P-VII was not
quantitative. A comparison of the processing of
P-VII confined to two density regions (1.25 and

1.28 g/cm?®) is demonstrated in Table 1. The
radioactivity in the region of protein density (p
= 1.28 g/cm?) decreased by 60% after the chase,
whereas P-VII obtained from a region with a
mean density of 1.25 g/cm? revealed an 8% in-
crease after the chase. The radioactivity of pol-
ypeptide VII from the high-density region de-
creased by 40% after the chase, indicating the
lack of accumulation of this polypeptide in this
region. Polypeptide VII, derived from the re-
gion of virion density, increased its label by
almost 500%.

Pulse-chase of P-VII-containing complexes
of virion density. The maximum rate of syn-
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Fic. 3. Isopycnic MAT centrifugation of *S-la-
beled proteins in infected cells. Panel (A) Radioactiv-
ity profile of proteins pulse-labeled with
[*S]methionine for 20 min at 16.5 h p.i. Proteins
were precipitated after isopycnic centrifugation of 10®
cell equivalents in the preparative MAT gradient
system described in Materials and Methods. Refrac-
tive indexes were measured for a parallel MAT gra-
dient, and the arrows indicate the buoyant densities
of (A) the group of nine hexon proteins (p = 1.27 to
1.30 g/cm®), (B) Ad2 virions (p = 1.245 glem?), (C)
Ad2 virion core structures (p = 1.225 glem?®), and (D)
Ad2 DNA (p = 1.13 glem?¥). Panel (B) Radioactivity
profile of proteins recovered after an 8-h chase and
analyzed as above. Fractions indicated by horizontal
bars (panels A and B) were subjected to electrophore-
sis (see Fig. 4).

thesis of polypeptide P-VII occurs at approxi-
mately 14 h p.i. (9). At this time cells were
pulse labeled for 5 min with [**S]methionine.
Samples were removed at 0, 30, 60, 120, 270,
and 360 min after the pulse, and all six samples
were analyzed on preparative MAT gradients
with [®(H]thymidine-labeled Ad2 virions as an
internal density marker (see Materials and
Methods). The radioactivity profiles of samples

J. ViroL.

removed at 0 and 360 min postpulse are shown
in Fig. 5. The material at the dense region of
the peak (seen after the pulse) disappeared, and
only material of virion density accumulated
during the chase. Radioactivity in the density
region between 1.20 to 1.23 g/cm® was minimal
as compared with the situation obtained after
the 20-min pulse labeling at 16.5 h p.i. (Fig. 3).
The low rate of hexon synthesis at this point
p.i. (10) is offered as an explanation for the lack
of a peak in this density region. A reconstruc-
tion experiment, in which purified hexons were
banded in a preparative MAT gradient, showed
that 30% of the hexons banded as a peak at a
mean density of 1.19 g/cm?® and only reached a
maximum density of 1.23 g/cm?®. Thus, under
these conditions of MAT centrifugation, the
360,000-molecular-weight hexons will not sedi-
ment to the proper region of protein density (p
= 1.27 to 1.30 g/cm?). The pattern of stained
polypeptides shown in Fig. 2A and 4A and B
also supports this finding. The fact that no peak
of radioactivity was present in the region of
protein density might be due to a high rate of P-
VII utilization at the beginning of the period in
which virus production is logarithmic; there-
fore, P-VII did not accumulate in this density
region. Fractions from the region of the marker
virions were pooled and rebanded in the analyt-
ical MAT system. The radioactivity profile of
the rebanded sample removed 1 h after the
pulse is shown in Fig. 6. Approximately 50% of
the total radioactivity at the virion density
from the preparative gradients banded at a
density higher than that of marker virions in
the analytical gradients. The proportion of ra-
dioactivity in this region did not change signifi-
cantly throughout the 6-h chase. Fractions
around the virion density marker and fractions
from the denser [**S]methionine-labeled peak
were collected from each analytical MAT gra-
dient of the six pulse-chase samples. The same
amount of radioactivity of all fractions was ap-
plied to SDS-polyacrylamide slab gels. The re-
gions covering polypeptides P-VII and VII were
cut out, hydrolyzed, and assayed for radioactiv-
ity as described in Materials and Methods. The
total radioactivity of polypeptide VII recovered
from the region of virion density increased by
100% after the chase (Fig. 7). The radioactivity
of polypeptide P-VII (from the virion density

Fi1c. 4. SDS-polyacrylamide gel electrophoresis of pulse-chase-labeled proteins recovered after isopycnic
MAT centrifugation. MAT gradient fractions, as indicated in Fig. 3, were analyzed as described in Materials
and Methods. Stained electropherograms of the pulse-labeled and chased protein series are shown in (A) and
(B), respectively. Gels subjected to autoradiography were subjected to electrophoresis separately with one-
fourth of the material used for the stained gels. The pulse-labeled and chased protein series are shown in (C)
and (D), respectively. The Roman numerals for virion polypeptides are indicated to the left, and the virion
marker is denoted by (V). The polypeptides are denoted as described in the legend of Fig. 2.
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TABLE 1. Processing of dense and light
P-VII in vivo®

Mean

. Polypep- Pulse Chase®  Change®
'(’;';';fg tide (cpm) (cpm) @)
1.28 P-vll 25,338 10,167 -60
vl 3,085 1,865 -40
1.25 P-vIl 12,346 13,311 +8
Vi 2,897 16,533 +500

¢ Polypeptides were recovered from the SDS-polyacryl-
amide slab gels shown in Fig. 4, and the radioactivities
were assayed as described in Materials and Methods. The
dense material corresponds to the pooled fractions 1 + 2,
and the light material of fractions 3 + 4, with mean densi-
ties of 1.28 and 1.25 g/cm3, respectively.

® Figures for the chase series were adjusted to compen-
sate for the loss of material as revealed by the three-times-
lower amount of total radioactivity recovered in the prepar-
ative MAT gradient of Fig. 3B.

¢ Change is expressed as the increase (+) or decrease (—)
in radioactivity relative to the amounts obtained after the
pulse.
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Fi1G. 5. Isopycnic MAT centrifugation of *S-la-
beled proteins in infected cells. (A) Radioactivity
profile of proteins pulse labeled with [%S]methionine
for 5 min at 14 h p.i. Approximately 4 x 107 cell
equivalents were centrifuged in the preparative iso-
pycnic MAT system described in Materials and
Methods. (B) Radioactivity profile of proteins re-
covered after a 6-h chase and analyzed as above. To
each gradient was added 7.4 x 10° cpm of highly
purified [*H]thymidine-labeled Ad2 virions as an
internal density marker. The density increases to the

left.

[
(=]
P

PROCESSING OF P-VII

O =
EN 3.
- o
o | ﬂ (')\
-— , o
x n i~
E 6r Lo 16 £
K L ' \ - a
> 1 L
£ 41 1 14 2>
2 R S
preny - -] - =3
o Y -
1] N 1 -
2 2 I 2 g
'g s ! o 4 ‘g
'._ ol ’°°Il 1 %%, ?
'3 0 20 30 40 o

Fraction number

Fic. 6. Analytical MAT density centrifugation of
material recovered from a preparative MAT gra-
dient. Material obtained from the region of virion
density shown in Fig. 5 was rebanded in a narrow 40
to 48% MAT gradient as described in Materials and
Methods. The sample was pulse labeled with
[**S]methionine for 5 min at 14 h p.i. and chased for
1 h. The density increases to the left. Purified
[*H]thymidine-labeled Ad2 virions were employed as
a density marker.

region) increased by around 10% after the first 2
h of chase, but then decreased gradually to a
level 30% below the value obtained immedi-
ately after the pulse. Such a decrease in radio-
activity was not as apparent for polypeptide P-
VI recovered from the denser region of the
analytical MAT gradients. The radioactivity of
polypeptide VII obtained from the same region
was constant.

The density of the [*S]methionine-labeled
peak obtained after analytical MAT centrifuga-
tion (Fig. 6) was determined next. Pooled peak
fractions of [®*Slmethionine radioactivity were
rebanded in MAT together with [*H]thymidine-
labeled Ad2 marker virions. The newly labeled
material was found to be of intermediate den-
sity between virions (p = 1.245 g/cm?) and pro-
tein (p = 1.27 to 1.30 g/cm?®) (Fig. 8), indicating
a complex of nucleic acid and protein. Upon
fixation with glutaraldehyde and isopycnic cen-
trifugation in a CsCl-detergent system, the
[*SImethionine-labeled material recovered
from a MAT density of 1.26 g/cm?® revealed a
density 15 mg/cm?, lighter than that of marker
virions (not shown).

Polypeptide composition of P-VII-contain-
ing complexes of nonvirion density. The mate-
rial that was denser than marker virions and
enriched in P-VII (pool no. 2, Fig. 3A and 4C)
was rebanded together with [3H]thymidine-la-
beled Ad2 marker in an analytical MAT gra-
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Fic. 7. Quantitative kinetics of the transition of
radioactivity from polypeptide P-VII into VII in vivo.
Productively infected cells were pulse labeled with
[¥S]methionine for 5 min at 14 h p.i. and subse-
quently chased for a total period of 6 h. Six samples
were removed at indicated intervals and subjected to
detergent extraction and isopycnic centrifugation in
the preparative MAT gradient system described in
Materials and Methods (compare Fig. 5). Material
from the density region including the internal virion
marker was rebanded on analytical 40 to 48% MAT
gradients as shown in Fig. 6. Material from the two
density regions indicated in Fig. 6 by horizontal bars
(1 and 2) was pooled and subjected to SDS-polyacryl-
amide gel electrophoresis. Stained polypeptide bands
corresponding to polypeptides P-VII and VII were cut
out from the gel, hydrolyzed, and assayed for radio-
activity as described in Materials and Methods. Sym-
bols: Polypeptide VII obtained from material of vir-
ion density, ®; polypeptide VII obtained from mate-
rial of nonvirion density, A; polypeptide P-VII ob-
tained from material of virion density, O; and poly-
peptide P-VII obtained from material of nonvirion
density, A. The mean values of two separate gel
analyses are shown.

dient. Peak fractions were pooled, precipitated,
and analyzed on SDS-polyacrylamide gels. The
polypeptide composition of [*¥*S]methionine-la-
beled material denser than that of virions was
thus compared with that of Ad2 virions and the
material banding at virion density in analytical
MAT gradients (equivalent to portion 2 of Fig.
6). The dense P-VII-containing complex re-
vealed most of the polypeptides of matured viri-
ons by staining (Fig. 9A). Polypeptide III (pen-
ton base) and polypeptide Illa were, however,
present in lower amounts. The internal pro-
teins corresponding to polypeptides V, VI, and
VII were present together with unprocessed
precursors of polypeptide VI (P-VI = 27K) and
VII (P-VII). A polypeptide of unknown localiza-
tion in the virion was detectable in the region
between P-VII and VII of the dense material.
The autoradiogram of the same gel was in ac-

J. ViroL.

cord with the stained protein pattern, although
polypeptides III and ITla coyld now be detected
more easily. Moreover, a polypeptide in the
tentative position of IVa, or 50K was present,
with an apparently high specific radioactivity.
Large quantities of labeled polypeptide P-VII
were present in the dense material, and a sig-
nificant degree of processing into polypeptide
VII had occurred. Stainable and labeled quanti-
ties of two polypeptides in the 100,000-molecu-
lar-weight region were also detected.
Pulse-chase isotope labeling of DNA. To es-
tablish whether newly synthesized viral DNA
became associated with polypeptide P-VII in
any density region, a pulse-chase was carried
out. At 16.5 h p.i. the majority of newly synthe-
sized DNA was of viral specificity (5), and no
attempts were made to quantitate the amount
of host cell DNA synthesis possibly persisting.
Four samples from a pulse-labeled and chased
Ad2-infected cell culture were obtained. The
cells were extracted and centrifuged in the iso-
pycnic MAT system, and the trichloroacetic
acid-precipitable radioactivity profiles are
shown in Fig. 10. It is evident that the majority
of the pulse-labeled DNA, present as DNA-
protein complexes, banded in a region lighter
than that of marker virions. After a subsequent
chase, the radioactivity gradually merged into
the density region of virions, and after 3 h of
chase, a pronounced peak of [*Hlthymidine ra-
dioactivity was confined to the same density
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Fic. 8. Rebanding of an [**S]methionine-labeled
complex obtained after analytical MAT density cen-
trifugation. The material denser than virions and
indicated by the horizontal bar (1) in Fig. 6 was
rebanded together with [*H]thymidine-labeled Ad2
marker virions in the analytical MAT system de-
scribed in Materials and Methods. The density pro-
file was obtained from the actual gradient and the
arrow indicates the density position of core structures
obtained from virions after pyridine treatment (18).
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region as that of the internal virion marker. No
radioactivity was present in the region of the
gradient with density higher than that of viri-
ons. This may indicate that the majority of
newly synthesized P-VII is not associated with
newly synthesized DNA, since the former ap-
pears in a density region that is, at the most, 50
mg/cm? denser than that of virions. However,
the existence of minor quantities of P-VII in
association with newly synthesized DNA can-
not be ruled out (compare Fig. 1C and 2B).

In vitro processing of P-VII. Since a signifi-
cant degree of spontaneous processing of poly-
peptide P-VII had been detected in complexes of
intermediate density, processing in vitro was
studied separately (Fig. 9). Polypeptide P-VII-
containing complexes, confined to density re-
gions ranging from protein density (p = 1.30 g/
cm?®) to virion density (p = 1.245 g/cm?®) in the
MAT gradients, were analyzed for processing of
their polypeptide P-VII into polypeptide VII in
vitro (Table 2). The mere storage of P-VII-con-
taining complexes allowed for a significant
processing when complexes were recovered
from a region of mean density of 1.275 g/cm?.
No such processing was apparent for material
in the protein density region (p = 1.30 g/cm?).
When four samples from the density region
1.245 to 1.30 g/cm® were incubated (i) in buffer
at 37°C, (ii) in the presence of an Ad2-infected
cell extract at 37°C or at 4°C, and (iii) in the
presence of a mock-infected cell extract at 37°C,
it became apparent that a virus-induced or vi-
rus-specified factor(s) was required for process-
ing of P-VII-containing complexes of protein
density. This processing is evidently tempera-
ture dependent since the transition was low at
4°C. Materials of intermediate and virion den-
sity processed the P-VII to some extent in the
absence of exogenous factors.

DISCUSSION

Metrizamide (an iodinated benzamido deriv-
ative of glucose) is a versatile material for iso-
pycnic density gradients (3), which may be
needed to isolate labile intermediate structures
during in vivo assembly of adenoviruses. CsCl
density gradients may, because of the high salt
concentrations, cause protein denaturation due
to dehydration, but in Metrizamide high densi-
ties are obtained under conditions of low os-
motic pressure and low ionic strength.

Initially, we wanted to examine whether the
precursor polypeptide (P-VII; 20,000 molecular
weight) of the major arginine- and alanine-rich
core protein ([17], polypeptide VII; 18,500 mo-
lecular weight), shortly after its synthesis, be-
comes associated with DNA of cellular or viral
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origin, thus forming a precursor core structure.
Pilot experiments were performed to learn the
conditions under which a maximum degree of
separation between Ad2 virions and Ad2 virion
core structures is achieved. Preformed Metriza-
mide gradients stored overnight at 4°C and cen-
trifuged in swinging-bucket rotors provided the
best approach for this purpose. We also deter-
mined initially that low concentrations of salt
(e.g., NaCl) present in the samples and/or in
the gradients caused a nonspecific precipitation
of virus-specific and cellular nucleoprotein com-
plexes. Minute concentrations of divalent cat-
ions (e.g., Mg?*, Ca?*) also caused significant
aggregation. Using a Metrizamide, EDTA, and
Tris-hydrochloride system, no visible aggrega-
tion occurred during isopycnic banding of total
cellular extracts. However, it became apparent
that upon rebanding this material in the same
system, the results were often not reproducible.
This difficulty was believed to be due to a small
degree of aggregation, and the nonionic deter-
gent Triton X-100 was therefore included in the
system at a concentration of 0.5%. To minimize
disaggregation of possible complexes between
the basic precursor protein P-VII and any spe-
cies of DNA, the pH was kept at 8.1 using the
Tris-hydrochloride buffer system.

We first showed that late in the productive
cycle, polypeptide P-VII was present in DNA-
containing complexes of intermediate density
and distinct from virions (Fig. 1 and 2). How-
ever, when introducing a protein pulse labeling
at 16.5 h p.i. the majority of newly synthesized
P-VII was confined to a density region signifi-
cantly denser than that of Ad2 virions (p =
1.245 g/cm?®), and approaching the density re-
gion of proteins (p = 1.27 to 1.30 g/cm?®) (Fig. 1
to 4). We favor the idea that P-VII in the denser
part of this region is present as a protein aggre-
gate, thus constituting the “free pool” of newly
synthesized P-VII. Subsequent chase studies
revealed that P-VII disappeared efficiently
from this region and could not easily be de-
tected late in infection at this position (Fig. 1 to
4, Table 1). P-VII from the intermediate-den-
sity region between those of protein and virions
was, however, less efficiently processed (Table
1, Fig. 7). Thus, we suggest that part of P-VII,
present in complexes close to virion density, is
poorly processed, whereas another portion is
properly cleaved to increase the polypeptide VII
content of the material confined to the position
of true virion density. A nonquantitative or
nonefficient transition of radioactivity from P-
VII into VII has been demonstrated previously
for total cellular and nuclear extracts (1, 9, 12),
thus indicating that the entire pool of P-VII is
not used up for virion assembly. The excess pool



210 EVERITT, MEADOR, AND LEVINE dJ. ViroL.

.12y

27/26K

DG =
_X-_x —— — L ————
.

Fic. 9. Comparison between the polypeptide composition of virions and complexes of intermediate density
isolated after MAT density centrifugation. (A) Stained electropherogram of proteins recovered from virion
and nonvirion density regions of an analytical MAT gradient as described in Fig. 6. The sample analyzed was
obtained from cells pulse labeled for 20 min at 16.5 h p.i. After isopycnic centrifugation in the preparative
MAT system, material including fractions of pool no. 2 as indicated in Fig. 3A and 4C was rebanded in an
analytical MAT gradient. Fractions indicated in Fig. 6 by the horizontal bar (1) had a mean density of 1.265
glem?®, and those indicated by (2) had a mean density of 1.245 glcm?®. Gel slots no. (1) and (2) refer to densities
1.265 and 1.245 g/cm?, respectively. (B) Same electropherogram as above subjected to autoradiography.
Marker virions are indicated by (V), and virion and virus-specified polypeptides are denoted as described in
the legend to Fig. 2.
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TABLE 2. Processing of polypeptide P-VII in vitro
Relative distribution of radioactivity (%) between P-VII and VII® with:
o . 37°C + mock- 37°C + 10 mM o . 4°C + 10%? tri-
ST“,‘,' 37 (b:ed+ A:l 24:,. infected ex- Tris-hydrochlo- ?. Cb; Adt2-uc|t- chloroacetic 4°C in MAT
ple ected extrac tract ride, pH 7.5 ected extra acid
P-VII VviI P-VII VII P-VII VII P-VII VII P-VII ViI P-vll Vi1
IC-1 11 89 89 11 94 6 52 48 91 9
IC-2 11 89 88 12 90 10 50 50 90 10
1C-3 19 81 70 30 76 24 68 32 86 14
IC-4 24 76 74 26 75 25 75 25 83 17
3A-1 96 4 95 5
3A-2 84 16 26 74

¢ Samples were recovered from the preparative MAT gradients shown in Fig. 1C and 3A. The numbers
after the letters A and C refer to the pooled fractions as indicated in the figures.
® Total amounts of radioactivity recovered from polypeptides P-VII plus VII ranged between 600 and

50,000 cpm.

¢ Treatment of material; immediately upon fractionation of the gradient shown in Fig. 1C, phenylme-
thane sulfonyl fluoride was added at a concentration of 1 mM. Samples assayed for processing in vitro were
diluted 50 times in 0.01 M Tris-hydrochloride buffer (pH 7.5), to give 0.5 ml, and added Ad2- or mock-infected
ultrasonically treated cell extracts at a concentration of 3 x 10° cell equivalents per sample.

4 Samples were precipitated with trichloroacetic acid immediately after fractionation.

¢ Samples were incubated in MAT at 4°C over a 4-week period.

of P-VII has been identified using immunologi-
cal techniques (10).

The stainable and newly labeled polypeptide
composition of P-VII-containing complexes 15
to 20 mg/cm? denser than virions was studied.
These complexes contain more protein per DNA
content or, alternatively, less DNA per protein
content than virions do. This complex class con-
tains polypeptides in the position of the known
precursor polypeptides 26K, 27K, and P-VII,
which are processed into the virion polypep-
tides VIII, VI, and VII, respectively (15) (Fig.
4D and 9). A polypeptide of high specific radio-
activity is located in the IVa, or 50K position,
and two labeled polypeptides in the 100K posi-
tion, migrating slightly faster than the hexon
polypeptide, are also discernible. We believe
that the P-VII-containing particles of interme-
diate density in the MAT system have some
correspondence to the TCs characterized by Ish-
ibashi and Maizel (12), with regard to the poly-
peptide composition. Although the TC struc-
tures do not account for any significant quanti-
ties of newly synthesized polypeptide P-VII
(corresponding to T6a), they contain other poly-
peptides such as T2a, T4a, T5a, and T5b, which
presumably correspond to polypeptides 100K,
IVa,, 27K, and 26K described for the particles
isolated in the MAT system. The polypeptide
migrating in the position between P-VII and
VII (Fig. 4 and 9) corresponds to polypeptide
T6b in the TCs. Particles equivalent to the
DNA-containing young virions, also described
by Ishibashi and Maizel (12), are presumably

confined to the same density region as that of
virions in the MAT system, simply based on the
assumed identical DNA content of young and
aged virions. Most of the P-VII content of young
virions is processed into VII after a chase (12),
as is also demonstrated for P-VII-containing
complexes of virion density in the analytical
MAT system (Fig. 7). The significant amount of
VII in the nonvirion complex, analyzed in Fig.
9, is explained by the fact that upon storage at
4°C these particles may undergo spontaneous
processing of P-VII into VII in vitro (Table 2;
also, compare the polypeptide pattern of Fig. 9B
with that of pool no. 2 of Fig. 4C, from which
the material analyzed in Fig. 9 was obtained).
The material analyzed in Fig. 9 had been stored
for some time, and it is also clear from this
experiment that the mere processing of P-VII
does not cause any change in buoyant density of
the complex, since rebanding in the analytical
MAT gradient was performed after storage.
This study suggests that a large pool of newly
synthesized P-VII, possibly aggregating in this
system, exists at the beginning of the logarith-
mic rise in virus production. This pool is rapidly
depleted during the course of virus synthesis.
P-VII is also found associated with high-molec-
ular-weight, DN A-containing particles of inter-
mediate density. These structures share part of
the polypeptide pattern with empty capsids or
incomplete particles (or TCs), but also contain
the core polypeptide V and polypeptides in the
100K and IVa, regions. Our data suggest that
there does not seem to be any temporal coordi-
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F1c. 10. Isopycnic MAT centrifugation of *H-labeled DNA in infected cells. Radioactivity profiles of DNA-
protein complexes pulse labeled with [*H]thymidine for 15 min at 16.5 h p.i. and chased for 3 h (see Materials
and Methods). Approximately 4 x 107 cells were centrifuged in the preparative isopycnic MAT system. The
panels show the patterns of radioactivity from samples removed immediately afier the pulse (A), and after 30
min (B), 90 min (C), and 180 min (D) of subsequent chase. An internal Ad2 virion density marker labeled
with [**S]methionine (1.3 x 107 cpm/10" particles) was employed.

nation between the synthesis of the majority of
polypeptide P-VII and viral DNA to form the
originally anticipated P-VII-DNA precursor
core complex (Fig. 10).

The processing of polypeptide P-VII in vitro
showed that this polypeptide is more likely to
become spontaneously cleaved in complexes of

~ relatively higher DNA content, whereas com-
plexes presumably devoid of DNA required the
addition of some virus-specified or virus-in-
duced factor(s) (Table 2). Whether the mere
presence of DNA is a prerequisite for a possible
processing, or whether there are soluble fac-
tors, specific or nonspecific, present in the
lighter MAT gradient fractions providing the
spontaneous processing, is at present under in-
vestigation. Arginine starvation applied to the
adenovirus system has shown that an early
factor, possibly involved in DNA replication, is
impaired (10). Presumably as a consequence of
this, no processing of polypeptide P-VII is de-
tected in such depleted cells (B. Edvardsson
and E. Everitt, unpublished data). Another
system of interest for further studies on the
mechanism of protein processing is derived
from the Ad2 ¢sI system, in which noninfectious
DNA-containing particles of virion density with
unprocessed precursors to the polypeptides VI,

VII, and VIII will be assembled (23). This ob-
servation demonstrates that the mere process-
ing is not by itself a prerequisite for virion as-
sembly. Finally, the MAT system developed
offers a simple basis for the isolation of a test
substrate for an in vitro assay of proteolytic
activities associated with the processing of vi-
rus-specified polypeptides in the adenovirus
system.
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