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The rates of assembly of the three classes of particles of minute virus of mice
were examined in synchronized rat brain cells by a combination of electron
microscopy and biochemical techniques. We observed a burst of virus assembly
beginning about 8 h after the end of cellular S phase. Labeled thymidine
incorporated into the 1.46 g/em?® class of full virus particles was transferred
almost quantitatively to the 1.42 g/cm? class. The 1.46 g/cm? virus appeared to be
an immediate precursor to the 1.42 g/cm? class. Conversion of the 1.46 density
virus to the 1.42 density particles was observed at the time of virus assembly.
The processing was rapid and occurred primarily in the nucleus. Infected cells
did not contain signficant pools of viral DNA in a form that could be encapsu-
lated in the absence of DNA synthesis. The role of the empty virus capsids in the

assembly process is discussed.

Parvoviruses are the smallest known verte-
brate DNA viruses (8). They are icosahedral
particles 18 to 26 nm in diameter containing a
single-stranded DNA molecule of 1.5 x 10° to
2.2 x 10° daltons (1). The parvoviruses can be
divided into two groups, defective and nonde-
fective, based on their ability to replicate with
or without coinfection with adenovirus. Non-
defective parvoviruses, including minute virus
of mice (MVM), appear to be dependent on the
S phase of the host cell for their replication (5,
9, 13). At least three distinct viral particles are
produced in infected cells: empty capsids and
two types of DNA-containing viral particles
which can be separated in CsCl equilibrium
density gradients (2, 3). No differences in the
DNA content of the full particles have been
observed (2, 14). However, the full virus parti-
cles each contain a different major capsid pro-
tein (B or C). There is a progressive loss of one
full virus particle and accumulation of the
other during the course of infection of randomly
growing cells (2). Tattersall et al. have shown
by tryptic peptide mapping that the capsid pro-
tein B may be converted to the capsid protein C
by proteolytic cleavage (P. Tattersall, A. J.
Shatkin, and D. W. Ward, J. Mol. Biol., in
press). In addition, Clinton and Hayashi have
given evidence that infected cell extracts may
convert precursor particle proteins to the prod-
uct particle proteins in vitro (3). Although all of
these observations are consistent with a precur-
sor-product relationship between the two
classes of full viral particles, the experiments
have not excluded the possible independent

synthesis and differential turnover of the two
particles in vivo. In addition, in previous exper-
iments with randomly growing cultures, the
product particle has been observed rather late
in the course of infection, after the time re-
quired for a single round of viral replication.
The possible late formation of this particle
raised a question as to whether the putative
processing event is a specific step in the assem-
bly of the virus or a nonspecific degradation
occurring in disintegrating cells.

In this report we have studied the synthesis
and assembly of MVM in synchronized tissue
culture cells using biochemical and electron mi-
croscopic techniques. We have also investigated
the precursor-product relationship among the
“full” viral particles, including the compart-
mentalization and transport of each density
class.

MATERIALS AND METHODS

Virus isolation. Plaque-purified MVM was the
generous gift of Peter Tattersall. Virus was grown
in RT-7 cells. The infected cells were detached from
the surface of T flasks with 1 mM EDTA in phos-
phate-buffered saline (PBS) without calcium or
magnesium, centrifuged, washed with PBS, and re-
centrifuged. Cells were suspended in 0.01 M Tris,
pH 9.0, and sonically disrupted. Cell debris was
removed by low-speed centrifugation (1,500 rpm),
and the virus preparation supernatant fluid was
extracted with Freon twice. Magnesium chloride
was added to 5 mM, DNase was added to 50 ug/ml,
and the extract was incubated at 37°C for 1 h. The
virus preparation was then layered on a 37-ml 15 to
30% sucrose gradient containing 5 mM EDTA-0.01
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M Tris, pH 8. Gradients were centrifuged for 6 h at
25,000 rpm at 4°C in an SW 27 rotor. Full virus
sedimenting at 110S was used for one-step synchro-
nization infections. The 110S viral particles were
further purified on CsCl density gradients with the
use of a fixed-angle rotor head for maximal resolu-
tion. Cesium chloride gradients with an average
density of 1.47 were centrifuged to equilibrium for 48
h at 35,000 rpm in a type 40 rotor. Lambda phage
(1.503 g/ml), added to each gradient as a density
marker, was titered on Escherichia coli N99 lambda-
sensitive bacteria. Fractions from both sucrose and
cesium chloride gradients were collected from the
bottom of the tube. The density of the CsCl gra-
dients was determined by refractive index and cor-
rected by the lambda phage internal density
marker. Hemagglutinin was measured by use of a
25-ul sample plus 25 ul of 5% mouse red blood cells
in PBS. With this assay, the 1.46 g/cm? viral parti-
cles have a specific hemagglutination titer of 150
hemagglutination units/ug of protein; both the
empty capsid and the 1.42 g/cm? virus particles have
similar titers (470 to 479 hemagglutination units/ug
protein).

Cells and culture. In an effort to optimize several
parameters of viral growth in tissue culture, a num-
ber of established cell lines as well as secondary
cultures of rodent cells were examined. We used the
RT-7 line of rat brain tumor cells because of their
superior viral yield, radiolabel uptake, and adapta-
bility to synchronization by our methods. This line
was isolated by William Au from a brain tumor
induced in the offspring of a rat injected with ethyl
nitrosourea during pregnancy. The RT-7 cells are
pseudodiploid (Au and Soukup, unpublished data),
grow rapidly as a monolayer, and have been pas-
saged more than 40 times in culture. These cells
were routinely maintained in antibiotic-free F-11
medium (MEM, GIBCO) supplemented with 5%
heat-inactivated fetal calf serum (FCS, GIBCO).
Cells were periodically checked for mycoplasma con-
tamination and were mycoplasma-free by the crite-
ria of autoradiography, orcein staining, and electron
microscopy. For the purpose of viral infection or
mitotic detachment synchronization, the cells were
transferred to F-11 medium supplemented with 10%
FCS, 100 U of penicillin/ml, and 100 ug of strepto-
mycin/ml (GIBCO).

Synchronization. Monolayers of RT-7 cells grown
to 50% confluency in 150-cm? Corning T flasks in F-
11 (GIBCO) with 5% heat-inactivated FCS were re-
fed with fresh F-11 medium containing 10% FCS.
After 24 h, the flasks were shaken vigorously to
remove mitotic cells and loosely adhering cells. The
monolayers were then refed with media prepared
by mixing equal amounts of F-11 medium contain-
ing 10% FCS that had been preincubated with cells
for 16 h plus fresh F-11 medium supplemented with
10% FCS (preconditioned medium). At 2 h after the
initial detachment, the monolayers were shaken
gently to remove mitotic cells. Detached mitotic
cells from several T flasks were pooled, and samples
for cell count and mitotic index determination were
processed immediately. Samples of cells were then
plated into either 75-cm? Falcon T flasks (for bio-
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chemical analysis of virus production) or 25-cm? Fal-
con T flasks (for electron microscopy and as control
samples for monitoring the degree of synchrony).

The degree of synchronization of the control cul-
tures was monitored by the mitotic index and by
determining the fraction of labeled nuclei by autora-
diography. At intervals (see Results) during the
experiment, 25-cm? T flasks were exposed to
[methyl-*Hlthymidine (1 uCi/ml) for 30 min. The
monolayer was then washed with ice-cold PBS. The
cells were swollen and lysed by exposure to 0.5%
sodium citrate solution for 10 min at 37°C. The iso-
lated nuclei were then pelleted at low speed and
resuspended in ice-cold Carnoy fixative for 30 min.
The sample was spread on a microscope slide and
air-dried. The slides were washed extensively in 5%
trichloroacetic acid followed by distilled water to
remove excess label and were subsequently dipped
in liquefied Kodak NTB2 nuclear track emulsion.
After 1 week of exposure at 4°C, the slides were
developed in Kodak D-19 chemical developer and
stained with Giemsa. For each time point, more than
1,000 nuclei were scored for determinations of mi-
totoxic index and fraction of labeled nuclei.

Infection. At 3 h after the detachment of mitotic
cells, purified filter-sterilized “full” virus (particles
sedimenting at 110S in a sucrose gradient) (2 x 10¢
PFU/HA) diluted in F-11 medium was adsorbed for 1
h at 37°C. The amount of virus used (5 to 50 PFU/
cell) was determined immediately prior to the ex-
periments by titration of hemagglutinin in a 48-h
infection of synchronized RT-7 cells. After virus ab-
sorption, monolayers were washed with F-11 me-
dium and refed with preconditioned medium.

Electron microscopy. At 6, 12, 18, 20, 22, 24, 30,
38, and 48 h after mitotic detachment, infected and
mock-infected control monolayers were washed and
fixed with 4% glutaraldehyde in phosphate buffer
for 60 min at 4°C. The monolayers were postfixed
with 1% osmic acid in phosphate buffer, rapidly
dehydrated in graded ethanols followed by hydroxy-
propyl methacrylate as the transition solvents, and
flat-embedded in Luft epon. Beam capsules filled
with the resin mixture were inverted onto the mono-
layer and separated from the culture flask after
polymerization by immersion in liquid N,. Ultrathin
sections of the monolayers were cut parallel to the
plane of growth with a DuPont diamond knife and
were mounted on 200-mesh copper grids. Staining
was performed with a saturated solution of uranyl
acetate in a mixture of equal parts of 70% ethanol
and pure methanol for 30 min (11, 12), followed by
lead citrate (7) for 15 min. Electron micrographs
were taken on a Zeiss EM 9-A electron microscope at
magnifications from 1,850 to 27,600.

Isolation of nuclei. Nuclei were isolated by the
method of Wray (16). The medium was removed
from monolayer cells grown in plastic T flasks, and
the monolayer was rinsed with PBS. The cells were
incubated in 5 ml of isolation buffer (0.5 M hexylene
glycol, 1 mM CaCl,, 50 uM piperazine-N,N'-bis[2-
ethanesulfonic acid], pH 6.5) for 10 min at 37°C,
removed from the T flask, and centrifuged at 1,500
rpm in a table-top centrifuge for 5 min. The cells
were resuspended in 2 ml of isolation buffer and
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lysed by passing through a 25-gauge needle. The
nuclei were collected by centrifugation. The super-
natant fluid was saved as the cytoplasmic fraction,
and the nuclei were resuspended in 0.5 ml of isola-
tion buffer. Phase-contrast microscopy showed
greater than 95% of the nuclei free from cytoplasmic
tags.

To determine the amount of nuclear DNA re-
leased into the cytoplasmic fraction, we labeled the
cells for 30 min with [*H]thymidine and separated
them into nuclear and cytoplasmic fractions. We
found 4% or less of the trichloroacetic acid-insoluble
tritium in the cytoplasmic fraction.

Trichloroacetic acid precipitation and scintilla-
tion counting. To each sucrose and CsCl gradient
fraction sample, 25 ul of FCS (GIBCO) was added as
carrier followed by 2 volumes of cold 10% trichloroa-
cetic acid. After incubation at 4°C for 1 h, samples
were filtered through Whatman GFA filters and
washed with 30 ml of 10% trichloroacetic acid and 5
ml of 95% ice-cold ethanol. Samples were solubilized
with Soluene (Packard Instrument Co.) and counted
in toluene-based scintillation solution.

Gel electrophoresis. Sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis was per-
formed as described by Laemmli (6). Approximately
5 % 10" to 10 x 10 virus particles, as determined by
optical density (14), were applied to each gel. The
sample, in 0.05 M phosphate buffer, pH 7.5, was
brought to 1% SDS, 1% 2-mercaptoethanol, and
0.01% bromophenol blue, boiled for 5 min, and lay-
ered onto a polyacrylamide gel containing 8.75%
acrylamide and 0.233% bisacrylamide. After electro-
phoresis at 2.0 mA/gel for approximately 5 h, the
gels were stained overnight with 0.25% Coomassie
blue in methanol-water-acetic acid (5:5:1) at room
temperature. The gels were destained at 37°C for 24
to 48 h in 15% methanol-7.5% acetic acid.

Gels were scanned at 550 nm on a Gilford scan-
ning spectrophotometer to determine relative pro-
portions of each stained protein by integration of the
area under the absorbance peak. Approximate mo-
lecular weights were determined from standard pro-
teins run in the same gel with the viral samples.
The proteins employed as markers were rabbit phos-
phorylase A (92,500), ovalbumin (45,000), and iodi-
nated bovine serum albumin (BSA, 68,000). These
standards closely bracket the viral proteins in the
gels. After electrophoresis and staining, each gel
was split longitudinally, dried, and analyzed by au-
toradiography (Kodak X-ray film) to locate the iodi-
nated BSA standard relative to the stained protein
bands on the same gel. *I-labeled BSA was found to
comigrate with unlabeled BSA.

RESULTS

Proteins of viral particles. To examine the
capsid proteins of the various viral particles, we
extracted virus from infected, randomly grow-
ing RT-7 cultures several days after maximal
levels of hemagglutinin had been produced. In
sucrose gradients, the viral particles could be
readily separated by sedimentation into two
classes, the full virus (110S) and empty capsids
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(708) (1, 8). As shown in Fig. 1, [*Hlthymidine
was associated only with the 110S particles; the
708 particles did not contain detectable levels of
DNA.

The proteins of the 70S and 110S particles
were analyzed on SDS-acrylamide gels (Fig. 2).
The empty capsid (70S) contained two proteins,
an 85,000-dalton protein and a 68,000-dalton
protein in the ratio, by weight, of 15:85, respec-
tively (see Materials and Methods). These re-
sults are in accord with those obtained by Tat-
tersall et al. (14). The 110S virus material
isolated from sucrose gradients contained three
proteins of 85,000, 68,000, and 65,000 daltons
present in the ratio of 16:14:70, respectively
(data not shown). When the 110S material was
centrifuged to equilibrium in CsCl, two rather
broad bands of virus were obtained with peak
densities at 1.46 and 1.42 g/cm?® (Fig. 3). In
polyacrylamide gels, it could be seen that the
1.42 g/cm?® virus particle contained the 85,000-
and 65,000-dalton proteins in a ratio of 15:85,
with a few very minor additional bands
present. The virus of density 1.46 contained
principally the 85,000- and 68,000-dalton pro-
teins in the ratio 16:84. These molecular
weights for the viral proteins in the 110S par-
ticles are consistent with those found by Tat-
tersall et al. (14). In addition, our results
confirm the observation of Clinton and Hayashi
(2) that full MVM occurs as two separate den-
sity particles, each with a different major capsid
protein. It should be noted that the 1.46 density
viral particle was consistently observed, even
in preparations harvested well after net virus
synthesis had stopped.

To clarify the sequence of events in the as-
sembly of MVM, it was necessary to analyze
virus replication in a single-step infection of
highly synchronized cells. Many of the methods
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Fic. 1. Separation of full and empty minute virus
of mice. Virus was grown in [*H]Jthymidine (5 uCi/
ml) and purified on sucrose gradients as described in
Materials and Methods. Fractions were collected
from the bottom of the gradient.
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F1c. 2. SDS-polyacrylamide gel electrophoresis
performed on minute virus of mice particles. Virus
particles were run in 8.75% gels at 2.0 mA/gel and
were stained with Coomassie Blue: (a) 1.42 glcm?
and (b) 1.46 g/cm? isolated by CsCl equilibrium cen-
trifugation; (c) empty virus purified by sucrose gra-
dient centrifugation; (d) 1.46 glcm? virus mixed with
an equal amount of empty virus; (e) 1.42 glcm? virus
mixed with an equal amount of empty virus. The
protein standards were run on the same gel, as de-
scribed in Materials and Methods. (A, B, C) Viral
proteins, (D) phosphorylase A (92,500), (E) ovalbu-
min (45,000), (F) '*I-labeled BSA (68,000). Position
indicated was determined by autoradiography of this
gel after photography.

of cell synchronization, such as depriving cul-
tures of essential nutrients or the use of inhibi-
tors, are potentially disruptive to normal cellu-
lar processes. To avoid such complications, we
synchronized RT-7 cells by manual detachment
of mitotic cells in the absence of drugs. The
degree of cell synchrony obtained by this
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method is shown in Fig. 4. When initially de-
tached, 25 to 35% of the cells were in metaphase
and about 95% of the cells were in some stage of
mitosis with varying degrees of chromosomal
condensation observed. The length of S phase
was 8 h, the G, phase was about 8 to 10 h, and
G, was approximately 2 h. As measured by the
fraction of labeled nuclei method, between a
minimum of 75% and a maximum of 90% of the
cells went through S phase together, and less
than 1% of the cells were synthesizing DNA
during the G, phase. The length of the cell cycle
was approximately 20 h, as determined by the
rise in the mitotic index.

Kinetics of viral assembly. The kinetics of
virus assembly were examined both by electron
microscopy and by biochemical analysis of syn-
chronized infected RT-7 cultures. To closely cor-
relate the two methods, we used samples for
examination by electron microscopy that were
taken from experiments in which biochemical
techniques were used. Observations obtained
by electron microscopy are presented first.
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Fic. 3. CsCl equilbrium centrifugation of sucrose
gradient-purified full minute virus of mice. The den-
sity determined by refractive index was corrected to
the lambda phage (p 1.50) density marker. Absorb-
ance was measured on a Beckman 800 spectropho-
tometer as the gradient was pumped from the bottom
of the tube through a 0.2-cm flow cell.
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Fic. 4. Degree of synchronization of RT-7 cells.
Mitotically detached cells were plated into 25-cm> T
flasks and sampled for mitotic cells and fraction of
labeled nuclei by autoradiography (as described in
Materials and Methods).
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Mock-infected synchronized cells. For pur-
poses of comparison with infected cells, micro-
graphs of typical interphase RT-7 cells synchro-
nized and grown as described in Materials and
Methods are presented in Fig. 5a and b. This
particular cell was taken from the control sam-
ple at 24 h after mitotic detachment, when the
bulk of the culture was in the G, phase.

The nuclei of control cells possessed the nor-
mal complement of fine filamentous euchroma-
tin associated with clumps of presumed ribonu-
cleoprotein (RNP) granules. An uneven thin
band of condensed heterochromatin was evi-
dent lying at the periphery as well as in clumps
throughout the nucleus. Three structural com-
ponents were apparent in the nucleoli of these
cells: light-staining fibrous material sur-
rounded by tufts of dark-staining material
(pars fibrosa, Fig. 5b), with granular RNP par-
ticles (pars granulosa, Fig. 5b) making up the
remainder of the nucleolus. The three elements
are arranged in a winding, skein-like manner
which has been termed the nucleolonema (Fig.
5a and b).

The cytoplasm of control RT cells examined
throughout interphase contained various con-
centrations of smooth and rough endoplasmic
reticulum, often of the curvilinear variety. Mi-
tochondria were numerous and normal in ap-
pearance. Numerous secondary lysosomes or
heterophagosomes were observed in these cells,
indicating that they were actively engaged in
endocytosis (Fig. 5a).

Electron microscope results—infected
cells. It has been shown for other parvovirus
infections (5, 9) as well as for MVM (13) that
growth of the virus is dependent on late S phase
host cell cycle functions (see also below). There-
fore, it is not surprising that little change in the

normal ultrastructure of infected cells could be

detected in the 6-, 12-, and 18-h (postmitotic
harvest) samples. Figure 6 shows a section of
cytoplasm in an infected cell at 18 h. The in-
fected cells at this time are apparently as active
biosynthetically as controls by virtue of the
presence of high concentrations of rough endo-
plasmic reticulum, particularly of the curvilin-
ear variety (Fig. 6). The only marked difference
seen at this and earlier times during the infec-
tion between the infected and control cells was
the presence in infected specimens of multive-
sicular bodies and apparent heterophagosomes
containing MVM particles either as a lining on
the inner membrane surface or as paracrystals
(Fig. 6). Therefore, at least some of the input
virus appeared to be taken up by the conven-
tional methods for internalization of particu-
lates.

The first location in which viral capsid as-
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sembly was detected (as with other parvovi-
ruses) was the nucleus (12). Shortly after the
end of S phase, i.e., 20 h after mitotic harvest,
MVM capsids and virus particles became evi-
dent in low concentration throughout the nu-
cleoplasm (Fig. 5¢ and d). Accompanying the
appearance of viral particles, several altera-
tions in the fine structure of normal nuclear
constituents were apparent.

With the onset of viral capsid assembly, the
fibrillar and granular elements of the nucleolus
gradually segregated with a centrifugal migra-
tion of the nucleolonema to a peripheral posi-
tion surrounding the nucleolus (Fig. 5d). Con-
densation of the granular and fibrous elements
of the nucleolus gave the nucleolus a generally
more compact and dense appearance. Clefts
also appeared in the nucleolus, indicating a
general breakdown of its integrity.

In addition to the changes in the nucleolus at
this time the nucleus became spotted with
patches of condensed chromatin (Fig. 5¢c), and
the band of heterochromatin at the periphery of
the nucleus appeared denser and began to
thicken. No consistent changes in the cyto-
plasm of infected cells were evident at this
time.

As the infection progressed, the nuclear
changes described above became more pro-
nounced. The fibrous and granular elements of
the nucleolus condensed further and became
separated from each other. By 24 h after mitotic
detachment, the nucleolus was hypertrophied
to the extent that the granular portion (pars
granulosa) was condensed into compact, often
spherical structures sometimes associated with
remnants of condensed fibrous material (Fig.
7a). Condensed material reminiscent of the
dark and light fibrous elements of the nucleolus
could be seen to take up diverse positions
throughout the nucleus (Fig. 7a). Further con-
densation of euchromatin was also evident,
causing an increase in size of the marginated
band of heterochromatin, as well as the scat-
tered tufts of condensed chromatin.

Clusters of pleiomorphic granules associated
with fibrous material as described by Singer
and Toolan in H-1 infection (11, 12) also ap-
peared scattered throughout the nucleus at this
time (i.e., 24 h after mitotic detachment; Fig.
7a, b, and c). These “clusters” of material had
no apparent specific relationship with any
other structure in the nucleus, as they could be
seen associated with nucleolar vestiges or
patches of condensed chromatin, or autono-
mously scattered throughout the nucleus. These
“clusters” may represent, as suggested by
Singer and Toolan (11, 12), RNP particles dis-
placed from euchromatin by viral proteins.
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Fic. 5. (a) Control interphase RT cell 24 h after mitotic detachment. Note the appearance of normal
nucleoli (arrows). x5,500. (b) Higher magnification of nucleolus shown in 5a. Note light (white arrows) and
dark (d) fibrous elements (pars fibrosa), granular element (g) (pars granulosa), and the skein-like nucleolo-
nemal substructure of the nucleolus. x19,350. (c) Infected RT cell 20 h after mitotic detachment. Nucleus is
somewhat enlarged in comparison to control (Fig. 5a; note difference in magnification between control and
infected), and the nucleoli (arrows) have begun to change in appearance. x4,000. (d) Higher magnification of
degenerating nucleolus in Fig. 5c. Nucleolonemal substructure has undergone a centrifugal migration,
forming a peripheral band surrounding the nucleolus (arrows). Numerous viral capsids are evident in the
nucleoplasm as well as in clefts which have formed in the nucleolus (white arrowhead). The relationship
between fibrillar and granular elements of the nucleolus has disappeared, and the entire structure has
condensed somewhat. x19,350. (e) Blow up of lower right-hand section of Fig. 5d showing viral capsids in
cleft in nucleolus (white arrowhead) as well as in surrounding nucleoplasm. x40,600.
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Fic. 6. Infected synchronized RT cell 18 h after mitotic detachment. Section through cytoplasm showing
minute virus of mice paracrystal within multivesicular body (arrow), other presumed heterophagosomes
(arrow heads), mitochondria (M), rough endoplasmic reticulum (crossed arrows), and high concentration of

curvilinear polysomes throughout. %x21,500.

Again, there was little if any change in cyto-
plasmic constituents by this stage of the infec-
tion.

The general picture for infected cells at 24 h
after mitotic detachment remained somewhat
the same through the next 6-h period, which
encompassed the time of peak viral encapsula-
tion (see below). Remnants of the granular ele-
ments of the nucleolus became less abundant,
and the regions of densely compacted chromatin
began to have irregular holes reflecting further
degeneration. The cytoplasm of the cells by 30 h
after mitotic detachment showed an increasing
concentration of particles that appeared to be
free ribosomes, with a concomitant decrease in
the concentration of rough endoplasmic reticu-
lum.

By 38 h after mitotic detachment, the infec-
tious cycle had apparently passed its climax
and some of the cells had begun to lyse. The
intranuclear concentration of virus particles
and capsids had dropped dramatically. The

dense band of marginated heterochromatin had
expanded and dispersed somewhat, giving it a
more granular and less compact appearance.
Tufts of loosely knit fibrous material as well as
extremely dense spheres of amorphous mate-
rial remained among the now sparse population
of viral capsids (Fig. 8a). On the rarefied back-
ground, fibrous material with viral capsids
aligned along these fibers could be seen (Fig.
8b). The perinuclear space became distended at
this time and was seen to contain a light amor-
phous matrix. General degeneration of the cy-
toplasm occurred at this time, and little of the
cytoplasmic constituents remained (Fig. 8a).
The appearance of the infected RT cell nu-
cleus differed to some extent, depending upon
the conditions of infection. The cells in Fig. 5
through 8 from synchronized cultures were in-
fected at high multiplicity (see Materials and
Methods). In ultrathin sections, the most easily
identifiable virus particle was the empty cap-
sid, which appeared to be present in excess
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Fic. 7. (a) Area of an infected RT cell nucleus 24 h after mitotic detachment. The nucleoplasm is heavily
congested with viral capsids, and the nucleolus has broken down into its component parts. The pars granulosa
has condensed into spherical structures (g), and the presumed light (small arrows) and dark (d) pars fibrosa
have apparently separated. Clusters of pleiomorphic interchromatin granules (large arrows) also appear
scattered throughout the nucleus. x25,100. (b) Infected RT cell 24 h after mitotic detachment. The nucleus is
swollen with viral particles. Heavily condensed chromatin (c) lies at the periphery of the nucleus and in
patches throughout. Clusters of pleiomorphic interchromatin granules are seen closely associated with
condensed chromatin as well as autonomously. x5,300. (c) Enlargement of circled area in Fig. 7b showing
viral capsids (crossed arrow) and pleiomorphic interchromatin granules (large arrows). x40,600.



786 RICHARDS, LINSER, AND ARMENTROUT dJ. ViroL.

Fic. 8. (a) Infected RT cell 38 h after mitotic detachment. Degeneration of the cell is extensive, with
rarefied cytoplasm (cyt) and nucleoplasm (nuc). The perinuclear space is distended (arrows), and the
condensed chromatin at the periphery of the nucleus is somewhat more dispersed than at earlier stages of the
infection. x12,900. (b) Enlargement of area of Fig. 8a showing dispersed band of chromatin (c), islets of
residual fibrous material (f), a dense body (db), and linear arrays of viral capsids situated along fibrous
material (arrow heads). x40,600.

Fic. 9. Randomly growing RT cell 12 h after a low-multiplicity infection. Note the relatively high
proportion of full (dark staining) particles produced (compare to Fig. 5 and 7). The white arrows point out two
skein-like structures closely associated with high concentrations of virus. These structures do not appear in the
higher-multiplicity synchronized infection. x25,300.
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relative to the full particle. Quantitation of the
hemagglutinating activity produced in these
cultures indicated that about six times more of
the empty capsids were produced than the full
particles (Fig. 10). However, when randomly
growing RT cells were infected at much lower
multiplicity (in this case 1,000-fold lower multi-
plicity), full virus was the predominant nuclear
species produced during the first 12-h period
(Fig. 9). Differences in the appearance of the
infected nucleus were observed under these
conditions, notably the existence of balls of
ropelike material closely associated with high
concentrations of full virus (Fig. 9). A detailed
analysis of these observations will be published
elsewhere.

Biochemical results —rates of assembly of
viral particles. The rates of synthesis of virus
particles were examined biochemically in the
following manner. At 14, 20, 28, and 37 h after
mitotic detachment, samples of the synchro-
nized, infected cultures were exposed to
[*Hlthymidine (150 uCi/ml) for 3 h. The viral
particles were then extracted from each sam-
ple, and the full virus was separated from
empty capsids on sucrose gradients. The rate of
synthesis of the full virus could be measured by
the amount of [*H]thymidine label incorporated
into the 110S region of these gradients. The
total amount of virus accumulated was deter-
mined from the hemagglutination titers of the
110S (full virus) and 70S (empty capsid) re-
gions.

As early as 17 h after mitotic detachment,
slight amounts of both full and empty virus
could be measured. However, it would appear
by extrapolation that, although the rates of
accumulation of the full and empty particles
were similar, the empty capsid may begin to be
synthesized slightly before the full virus (Fig.
10). Although increasing amounts of virus par-
ticles of both classes were detected in each sub-
sequent time interval up to 72 h, there was a
high rate of assembly of both full and empty
particles in the interval of 28 to 31 h after cell
synchronization. After this burst of viral as-
sembly, viral synthesis continued, but at a very
much diminished rate. These results support
the observations obtained by electron micros-
copy; virus assembly began at 20 hr, peaked at
about 28 h, and was virtually over by 38 h. In
addition, the kinetics of viral assembly ob-
served here demonstrate that the majority of
susceptible cells in these cultures were produc-
ing virus synchronously.

The 110S viral material synthesized during
the peak period of virus assembly (28 to 31 h
postdetachment) was further analyzed on a
CsCl gradient. Seventy-five percent of the
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Fi1c. 10. Rates of virus assembly and accumula-
tion in synchronized cells. RT-7 cells were mitotically
detached and infected 3 h later. [*H]thymidine (150
uCi/ml) was added for 3 h at 14, 21, 28, and 37 h
postdetachment. The labeled full virus was isolated
from a sucrose gradient (O), and total full (®) and
empty (X) virus was measured by hemagglutination.
Note that both [*H]thymidine incorporation and he-
magglutinin titers are presented on logarithmic
scales.

[*Hlthymidine-labeled virus was of the 1.46
density class and 25% was of the 1.42 density
class (data not shown). The 1.42 density virus
particles appeared during the period of maxi-
mal virus assembly, well before the infected
cells had begun to seriously deteriorate, as as-
certained by electron microscopy.

Conversion of 1.46 density particles to 1.42
density MVM. To determine whether the 1.46
density particle was processed to form the 1.42
density particle in vivo, we employed a “pulse-
chase” experiment. Infected, synchronized RT-7
cultures were exposed to [*Hlthymidine for 2 h
during the period of the highest rate of virus
assembly (28 to 30 h postdetachment). The syn-
thesis of DNA was then inhibited with hydrox-
yurea, and excess unlabeled thymidine was
added to the medium to dilute any labeled thy-
midine released to internal nucleotide pools by
the breakdown of DNA.

“Chase” conditions. Preliminary experi-
ments were undertaken to determine the mini-
mal effective level of hydroxyurea and the effec-
tiveness of our “chase” conditions. Uninfected,
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unsynchronized RT-7 cells were labeled with
[*Hlthymidine (150 wxCi/ml) for 2 h. The
[*Hlthymidine-labeled medium was removed,
the cultures were rinsed with unlabeled me-
dium, and preconditioned medium containing
hydroxyurea (25 ug/ml) and unlabeled thymi-
dine was added to the cells. The concentration
of unlabeled thymidine (2.5 mM) was 1,000
times that of the [*Hlthymidine originally
added. Figure 11 shows the effectiveness of this
combined treatment in the inhibition of DNA
synthesis. Under the “chase” conditions, net
[*H]thymidine incorporation ceased within 20
min, and there was a linear decrease in alkali-
stable, acid-precipitable label. We have consist-
ently observed this loss of trichloroacetic acid-
precipitable label on addition of hydroxyurea (5
to 50 ug/ml) to cultures which have been la-
beled with [*H]thymidine for brief periods. It is
likely that a significant amount of newly syn-
thesized DNA breaks down when cells are ex-
posed to hydroxyurea.

As shown in Fig. 12, we have determined the
amount of residual DNA synthesis which oc-
curs in the presence of hydroxyurea (25 ug/ml)
but in the absence of excess unlabeled thymi-
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Fi1g. 11. Inhibition of DNA synthesis by hydroxy-
urea in the presence of unlabeled thymidine. Ran-
domly growing RT-7 cells were labeled with
[*H]thymidine (150 uCi/ml), and DNA synthesis
was inhibited 2 h later by removal of [*H]thymidine
and addition of hydroxyurea (25 pg/ml) and unla-
beled thymidine (2.5 mM). Cells were lysed in 0.1 N
NaOH, and incorporation of [*H]Jthymidine was de-
termined by trichloroacetic acid precipitation of the
lysates. Samples were taken in triplicate, with the
error bars representing the standard error of the
mean for each time point. Symbols: @, culture
treated with hydroxyurea and thymidine; O, control
culture.
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Fi1c. 12. Residual DNA synthesis in hydroxyurea
(Hu)-treated cells. Hydroxyurea (25 upg/ml) was
added to randomly growing RT-7 cells, and
[*H]thymidine (150 uCi/ml) was added 10 min later
(@). Control samples contained no hydroxyurea (O).
Samples were processed for incorporation of
[*H]thymidine as described in the legend to Fig. 11.
Samples were taken in triplicate, with the error bars
representing the standard error of the mean for each
time point.

dine. At 10 min after the addition of hydroxy-
urea to unsynchronized RT-7 cultures, [*H]-
thymidine was added, and incorporation of
label was measured at 30, 60, 90, and 120 min.
At 60 min after the addition of [*H]thymidine,
the amount of incorporated label found in the
hydroxyurea-inhibited cultures was only 10% of
that observed in normal control cells. From 60
to 120 min, no further label was incorporated
into cellular DNA. Clearly, at this level of hy-
droxyurea, some DNA breaks down during the
first 60 min of the block and a low level of
resynthesis occurs. However, when excess un-
labeled thymidine is added along with the hy-
droxyurea to the cultures, it is unlikely that
significant amounts of [*H]thymidine are incor-
porated into DNA under the “chase” conditions.

“Pulse-Chase” experiments with infected
cultures. Synchronized RT-7 cells were infected
and exposed to [*H]thymidine (150 uCi/ml) for 2
h, beginning 28 h after mitotic detachment.
After 2 h, the medium was removed, the cul-
tures were rinsed, and medium containing hy-
droxyurea and unlabeled thymidine was added
as described above. Samples were taken at in-
tervals after the addition of [*H]thymidine and
after “chase” conditions were instituted. The
full virus material (110S) was isolated from
each sample on sucrose gradients. Throughout
the experiment, the total incorporation of
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[*Hlthymidine into the cultures was also fol-
lowed, and the amount of labeled virus released
into the culture medium was determined.

As shown in Fig. 13, [*Hlthymidine was in-
corporated into the cultures at a linear rate
from the time of addition until “chase” condi-
tions began at 120 min. Net incorporation into
the infected cultures then ceased abruptly and,
as observed previously, the amount of precipi-
table label in the cultures declined. Prior to the
“chase,” label was incorporated into 110S viral
particles at a rate similar to the rate of incorpo-
ration into the whole cultures. However, the
rate of appearance of label in viral particles
may not be absolutely linear. (Note the differ-
ences in the two scales in Fig. 13.) Net incorpo-
ration of [*H]thymidine into the full virus parti-
cles stopped immediately upon addition of hy-
droxyurea and unlabeled thymidine. There was
no significant decrease in the total amount of
label in viral particles (cellular virus plus virus
in the medium) during the 120 min of the
“chase” period.

The 110S labeled MVM from each cell sample
was run on CsCl density gradients and the
results are shown in Fig. 14 (note changes in
scale). At the end of a 30-min labeling period,
over 96% of the [*Hlthymidine in full virus
particles was found at the density of 1.46 g/cm?.
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F1c. 13. Incorporation of [*H]thymidine into cells
and into 110S virus before and after addition of
hydroxyurea and unlabeled thymidine. Mitotically
detached RT-7 cells were infected 3 h after detach-
ment, and 25 h later they were labeled with
[*H]thymidine (150 uCilml). After 2 h, the medium
was removed, and hydroxyurea (25 ug/ml) and unla-
beled thymidine (2.5 mM) were added in fresh me-
dium. Total cellular [*H]thymidine incorporation
was determined on a sample of the infected cultures
after sonic treatment (O). The total amount of label in
1108 virus was determined by trichloroacetic acid
precipitation across sucrose gradients run both on
tissue culture fluid and on virus extracted from the
cultures (as described in Materials and Methods) at
each time point (®). At 240 min, 11% of the total viral
1108 label was found in the medium.
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However, even in this brief interval, detectable
amounts of 1.42 material were observed. By 120
min, 72% of the labeled virus was of the 1.46 g/
cm? class and 28% of the viral label was found
at 1.42 g/cm3. After 120 min under “chase” con-
ditions, only 26% of the virus-associated label
was found at 1.46 g/cm?® and 74% was present in
the 1.42 g/cm? particle. These results are sum-
marized in Fig. 15. In these experiments, we
have shown that [*H]thymidine incorporation
into DNA stops abruptly upon addition of hy-
droxyurea and unlabeled thymidine to the cul-
tures. We have also shown that net
[*Hlthymidine incorporation into 110S virus
stops at the same time. Label was lost from the
1.46 g/cm? particle after the “chase” began, but
the accumulation of the 1.42 particle continued
at an undiminished rate. The total amount of
label lost from the 1.46 g/cm? particle was com-
parable to the total amount of label gained by
the 1.42 g/cm? particle. In addition, the rate of
loss of label from the 1.46 g/cm? virus approxi-
mated the rate of label accumulation by the
1.42 g/cm?® virus. The simplest explanation for
these observations is that the 1.46 g/cm?® parti-
cles are a direct precursor of the 1.42 g/cm?
particles.

Virus released to the medium. During the
course of these experiments, about 11% of the
total 110S labeled virus was found in the cul-
ture medium. In conjunction with cell samples,
the culture fluid was analyzed on sucrose gra-
dients. The amount of virus released into the
medium was determined by quantitating the
amount of [*H]thymidine label in the 110S re-
gion of these gradients. The 110S material iso-
lated from the culture fluid of the 240-min sam-
ple was analyzed on a CsCl density gradient:
27% of the [*H]thymidine label was 1.46 g/cm?
density and 73% was 1.42 g/cm? density. Thus,
both density classes of full virus, as well as
empty capsids, were found free in the medium.
These results are consistent with the idea that
disintegration of the infected cells, as observed
in electron micrographs, is the primary mecha-
nism of virus release.

Cellular site of viral processing. As de-
scribed above, we have noted the persistence of
1.46 g/cm?® particles in viral preparations iso-
lated late in the course of infection of unsyn-
chronized cultures. It appeared that a small
proportion of virus particles was never con-
verted to the 1.42 g/cm?® particle. In the follow-
ing experiment, we attempted to explain the
persistence of unprocessed particles by deter-
mining whether viral processing is restricted to
a particular cellular site. RT-7 cells were syn-
chronized and infected as before. The cultures
were exposed to [*H]thymidine (150 uCi/ml) for
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Fic. 14. CsCl gradients of full minute virus of mice isolated from infected synchronized RT-7 cells. The
full virus isolated from sucrose gradients in the experiment described in the legend to Fig. 13 was centrifuged to
equilibrium in CsCl. Lambda phage was used as a density marker, and the viral peaks were confirmed by
hemagglutinin titer. Times: (A) 30 min; (B) 75 min; (C) 120 min; (D) 150 min; (E) 180 min; (F) 240 min.

6 h, beginning at 26 h after mitotic detachment.
The medium was then removed, and the cul-
tures were exposed to “chase” conditions for 7 h.
Samples were taken at the end of the 6-h label-
ing period and at the end of the 7-h “chase.” For
each sample, the cytoplasm and nuclear frac-
tions were separated as described in Materials
and Methods. Full virus was isolated from the
nuclear and cytoplasmic fractions of each sam-
ple by sucrose gradient centrifugation. The
110S viral peak was then analyzed on CsCl
density gradients. Labeled 110S virus was
found in both the nucleus and the cytoplasm at
the end of the 6-h pulse, but by the end of the 7-

h chase most of the [3H]thymidine-labeled virus
had left the nucleus and the labeled virus in the
cytoplasm had increased by 77% (Table 1). Only
60% of the total 110S 6-h label was left in the
cell after a 7-h chase. During the “chase” inter-
val, the amount of label in the cell-associated
virus particles declined about 40% as a result of
excretion of viral particles into the medium.
Table 2 shows the results of the CsCl centrif-
ugation of the 110S virus isolated from the
nuclear and cytoplasmic fractions in this exper-
iment. The proportion of 1.46 g/cm? particles in
the nucleus dropped from 28% of the total at the
end of the 6-h labeling period to 11% of the total
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at the end of the 7-h chase. In the cytoplasm the
relative proportion of 1.46 g/cm?® particles to
1.42 g/cm?® particles remained essentially the
same. In this experiment, the labeling period
extended past the point of the peak rate of virus
assembly and included a portion of the period
when the rate of virus assembly had begun to
decline substantially. The relatively high pro-
portion of 1.42 g/cm?® particles was probably due
to processing of the 1.46 g/cm? particles during
this latter period of the labeling interval.

From these data we conclude that the proc-
essing of particles of the 1.46 g/cm? density class
occurs rapidly in the nucleus. Particles are
transported after assembly to the cytoplasm,
and this transport appears to occur regardless
of whether or not the particles have been proc-
essed. Once the 1.46 g/cm?® particles have
reached the cytoplasm, processing does not oc-
cur or occurs at a much reduced rate.
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Fic. 15. Kinetics of processing of 1.46 glcm?® and
accumulation of 1.42 glcm® MVM. The total radio-
activity of the infected cultures for each density
species of full virus was determined from Fig. 14
and is summarized in this figure. Symbols: @, par-
ticles of 1.46 glcm?® density; O, particles of 1.42 g/
cm?® density.

ASSEMBLY OF MINUTE VIRUS OF MICE

791

DISCUSSION

It has been previously shown that synthesis
of MVM appears to require some function of the
host-cell S phase (13). We have shown that
assembly of the viral particles occurs abruptly
some 8 h after the end of the S phase. Thus,
virus assembly and processing do not appear to
be specifically coupled to the host-cell S phase.

We have presented evidence that the 1.46 g/
cm?® density class of MVM particles are proc-
essed to form virus of 1.42 g/cm? density. Proc-
essing of the 1.46 g/cm? virus is observed at the
time of maximal virus assembly in synchro-
nized cells. Detectable amounts of the processed
1.42 g/cm?® virus are formed within 30 min. The
processing event occurs most rapidly in the in-
fected cell nucleus, the site of virus assembly.
On the basis of these results, we conclude that
the conversion of 1.46 g/cm? particles to 1.42 g/
cm? particles is an integral step in the events of
viral assembly.

MVM is a simple virus structurally, and its
assembly and maturation might well be accom-
plished in a few straightforward steps. How-
ever, we have noticed that newly assembled
viral particles have a broader band width in
CsCl gradients than might be anticipated for a
single-density species. It is possible that the
1.42 density and the 1.46 density classes include
a spectrum of particles, which could consider-
ably complicate analysis of viral maturation.

TaBLE 1. Compartmentalization of newly
synthesized full MVM from infected synchronized

RT-7 cells®
;I}im? (beml Nuclear *H-labeled  Cytoplasmic *H-la-
atler 'abel- MV beled MVM
ing
6 99,400 (73%) 36,300 (27%)
13 17,300 (21%) 64,300 (79%)

@ Cells were synchronized and infected as de-
scribed in Materials and Methods. At 26 h after
mitotic detachment, the cells were labeled, and la-
bel was “chased” as described in the text. The sepa-
ration of nuclear and cytoplasmic fractions and de-
termination of [*H]Jthymidine in 110S virus is de-
scribed in Materials and Methods.

TaABLE 2. Distribution of newly synthesized 1.46 and 1.42 glcm® MVM in the nucleus and cytoplasm of
infected synchronized RT-7 cells®

Nuclear *H-labeled MVM

Time (h) after Cytoplasmic *H-labeled MVM
pulse 1.46 g/cm?® 1.42 g/cm? 1.46 g/cm? 1.42 g/cm?
6 27,900 (28%) 72,000 (72%) 12,000 (36%) 21,600 (64%)
13 1,200 (11%) 15,400 (89%) 26,000 (41%) 37,200 (59%)

¢ [*Hlthymidine-labeled MVM isolated from synchronized RT-7 cells (see footnote, Table 1) was centri-

fuged to equilibrium in CsCl.
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On the other hand, we have not observed any
major viral species with densities intermediate
between 1.46 and 1.42, nor has there been a
gradual shifting of the viral density from 1.46 to
1.42 g/cm® during the “chase” experiments.

In a model recently proposed by Tattersall et
al. (15), mature single-stranded viral DNA
could either be stripped from its template by
the process of encapsulation or driven off the
template by new DNA synthesis. Some aspects
of our results are consistent with the latter
form of the Tattersall proposal. In this varia-
tion of the model, during a brief exposure to
[*Hlthymidine, old, unlabeled DNA strands
would be encapsulated prior to the appearance
of labeled DNA in particles. In addition, since
DNA synthesis drives encapsulation, inhibition
of DNA synthesis would stop new virus assem-
bly even though a large pool of assembly inter-
mediates might be present in the infected cells.
(Such subviral assembly intermediates appear
to be present in Lulll-infected cells [10].) From
our experiments it is not possible to determine
whether there is a significant lag between in-
corporation of [*Hlthymidine into DNA and ap-
pearance of this label in viral particles, al-
though there appears to be a slight difference
between these two curves (Fig. 13). However, it
is clear that, when DNA synthesis is inhibited,
the assembly of virus stops at once.

The role of the empty viral capsid in the viral
assembly sequence has not been defined. The
empty capsids could be (i) a precursor to the
1.46 g/cm?® virus by insertion of viral DNA, (ii) a
degradation product of the 1.46 g/cm® virus
through extrusion of viral DNA, or (iii) an inde-
pendently assembled particle unrelated to full
virus. The empty capsids are detected slightly
prior to the appearance of full virus both in
electron micrographs and in extracts of syn-
chronized infected cultures. On this basis and
because we have shown a quantitative transfer
of [*H]thymidine label from the 1.46 g/cm? to
the 1.42 g/cm? class, it seems unlikely that the
empty capsids are produced by loss of DNA
from the 1.46 density particles.

It is possible that the empty capsids are pre-
cursors to the 1.46 g/cm?® virus. However, as-
sembly of the 1.46 g/cm?® particles is immedi-
ately halted when DNA synthesis is inhibited.
As there are large amounts of empty capsids
present in the infected cell, either the pool of
single-stranded viral DNA available for inser-
tion must be very small, or insertion requires
ongoing DNA synthesis, perhaps as a driving
force for this process.

Regardless of the actual relationship be-
tween the empty capsids and the 1.46 g/cm?®
virus particle, it is clear that the presence of
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viral DNA has a profound effect on the surface
properties of the particle. The empty capsid and
the 1.46 g/cm?® virus contain the same proteins in
the same proportions; yet the 1.46 g/cm?® parti-
cle hemagglutinates mouse red blood cells
poorly and is readily processed to the 1.42 g/cm?
form by proteolytic cleavage. On the other
hand, the empty capsid particles have a high
hemagglutination activity but are very resist-
ant to proteolytic processing both in vivo and in
vitro (3, 14).

In the sequence of MVM assembly, virus is
first detected in the nucleus and appears
shortly afterwards in the cytoplasm and in the
culture medium. All three classes of virus par-
ticles move out of the nucleus to the cytoplasm
and into the medium with equal facility. In
electron micrographs we have found no evi-
dence of any virus-specific transport process,
either from the nucleus to the cytoplasm or out
of the cell. It appears likely that virus particles
are expelled from the nucleus by some general-
ized process such as margination of chromatin
and blistering of the nuclear membrane. Simi-
larly, virus particles spill into the medium,
probably during cellular disintegration. Mem-
brane fragments coated with virus particles are
a common feature of cultures in the last stages
of infection.

The processing of viral particles after their
assembly is by no means unique to MVM. For
example, the capsid proteins of poliovirus parti-
cles undergo proteolytic cleavage during matu-
ration (4). As the requirements for self-assem-
bly of capsid proteins are not necessarily those
which produce a particle with optimal infectiv-
ity, proteolytic “trimming” after virus assembly
may represent an economical means of satisfy-
ing two disparate demands of virus formation.
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