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Late Modifications of Simian Virus 40 Chromatin During the
Lytic Cycle Occur in an Immature Form of Virion

FRANCA LA BELLA AND CESARE VESCO*

Laboratory of Cell Biology of the Consiglio Nazionale delle Ricerche, 00196 Rome, Italy

Two main modifications of the simian virus 40 chromatin were found to occur

during the lytic cycle. One was the progressive increase in the acetylation level in
the four non-Hi histones as the 75S deoxynucleoprotein complexes (minichro-
mosomes) became assembled into heavier structures. The other was the final
elimination from viral chromatin of histone Hi. An important stage in the course

of these changes was represented by an intracellular simian virus 40 particle, in
which the virus-coded proteins were already assembled, but properties distinct
from those of mature virions were still present. This particle resembled the
mature virions in morphology, sedimentation rate, and buoyant density. It was
distinguished by the instability, the presence of histone Hi, the uptake of
radioactive acetate, and the lower infectivity. Its significance appears to be that
of an immature virion on the basis of these characters and of the consistent
kinetic behavior during the lytic cycle.

The histones contained as internal proteins in
simian virus 40 (SV40) and polyoma virions are
considerably more acetylated than those asso-
ciated with the chromatin of uninfected host
cells (23). In a previous study (16) we found that
during the lytic cycle of SV40, the level of his-
tone acetylation in the host chromatin does not
rise significantly above that of the uninfected
cells and that the intracellular viral chromatin
of recent synthesis (the native 75S deoxynucleo-
proteins complexes, often referred to as mini-
chromosomes) contains histones which are
somewhat more acetylated than the host his-
tones but definitely less acetylated than the
virion histones. These results indicated that the
75S minichromosomes could not be the imme-
diate precursor of the mature virion, for lack of
the proper degree of histone acetylation. In the
same study it was also found that the acetyl
turnover of minichromosome histones differed
from that of cell histones because of a lower rate
of acetate removal, as though the viral chroma-
tin were partially shielded from deacetylase ac-
tion. It was thus suggested that the final high
level ofhistone acetylation typical of virion chro-
matin might be attained through intermediate
complexes (between the 75S minichromosomes
and mature virions), still allowing the transfer of
acetyl groups to histones and thus producing a
gradual net acetylation increase.
The present work shows the presence, within

permissive cells infected with SV40, of a popu-
lation of fully assembled particles with proper-
ties partly similar to, and partly different from,
those of mature virions. The sedimentation rate,
the density in CsCl gradients, and the general

morphology are not distinguishable from those
of mature virions. The histone pattern which
includes Hi, the stability in certain saline envi-
ronments, the infectivity, and the capacity to
incorporate acetate into histones are distinct.
These particles predominate before cell lysis
begins, but at the end of the lytic cycle, only the
stabler virion forms are detected, with little loss
of viral DNA. The particle characters and the
consistent [3H]thymidine labeling patterns in-
dicate that they represent immature forms of
SV40 virions. In them, the viral chromatin com-
pletes the acetylation of histones.

MATERIALS AND METHODS
Cell media and chemicals. The synthetic media

and serum for cell growth were from Eurobio, Paris,
France; reagents for the preparation ofpolyacrylamide
gels were from Serva, Heidelberg, West Germany;
radioisotopes were from New England Nuclear Corp.,
Munich, West Germany.

Cell culture and virus. CV-1 cells were grown in
10-cm plastic dishes in Dulbecco medium supple-
mented with nonessential amino acids, 10% tryptose
phosphate broth, and 10% calf serum. Confluent cul-
tures were infected with a large-plaque clone (18) of
SV40 at a multiplicity of 5 to 10. When infected cells
were allowed to lyse completely (5 days after infec-
tion), the virus was recovered from the 10,000 x g
supernatant of the lysate by centrifugation at 33,000
rpm for 3 h in a Spinco 35 rotor. Viral pellets were
suspended in 100 mM NaCl-10 mM Tris and centri-
fuged either in sucrose gradients similar to those used
for cell extracts (see below) or in CsCl gradients (6).

Cell fractionation and isolation of SV40 com-
plexes. Cells collected by scraping were washed in
Earle saline and swollen for 5 min in a hypotonic
buffer (10 mM Tris [pH 7.4], 10 mM NaCl, 0.1 mM
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EDTA, 0.3 mg of phenylmethylsulfonyl fluoride per
ml). Cells were then disrupted by 25 quick strokes of
a tight-fitting pestle in a Dounce homogenizer and
centrifuged at 10,000 x g for 5 min in a Sorvall refrig-
erated centrifuge. The supernatant was made 1 mM
in EDTA immediately before layering onto a 15 to
30% sucrose gradient in 10 mM Tris (pH 7.4)-100 mM
NaCl and then centrifuged for 110 min at 40,000 rpm
in a Spinco SW41 rotor. Fractions were collected
through an automatic-recording Gilford spectropho-
tometer. The following are critical details concerning
this extraction procedure. (i) The exposure to EDTA
above certain limits of time and concentration disrupts
some viral complexes (10; this paper). On the other
hand, the careful use of EDTA, particularly when
dealing with concentrated samples, lowers the risk of
unspecific associations and dissociates the polyribo-
somes; this in turn prevents entrapment effects and
allows the monitoring of particle absorbance after
sucrose gradient centrifugation (see Fig. 1). The pres-
ervation of viral complexes exposed to EDTA under
the above conditions was ascertained with appropriate
parallel experiments using hypotonic buffers with and
without EDTA (reticulocyte standard buffer, etc.).
Depending, however, on the dilution of samples, the
time required for multisample processing, the neces-
sity of absorbance profiles, etc., it might sometimes be
preferable to exclude the EDTA either from the hy-
potonic buffer or even totally. No difference could be
observed by substituting Tris with PIPES [piperazine-
N,N'-bis(2-ethanesulfonic acid] (10) in our protocol.
(ii) During a reasonably rapid extraction, the use of
inhibitors (3, 24, 27) to prevent histone deacetylation
in vitro does not appear to be necessary, since identical
results were obtained when we tested in the above
procedure the effect of the presence and the absence
of 10 mM butyrate. As a precaution, however, this
compound was added in experiments requiring longer
manipulations. (iii) The effectiveness of extraction
(hence, the number of strokes to be used with a
homogenizer of a given tightness) was monitored by
applying the Hirt procedure (14) to the 10,000 x g
pellet. Centrifugation in sodium dodecyl sulfate
(SDS)-sucrose gradients of the Hirt extracts (18) and
of suitable samples of nucleoprotein complexes indi-
cated that our procedure extracted at least 90% of the
complexes, as measured by the 21S DNA mass. For
complexes labeled with radioactive thymidine in 30-
to 60-min pulses, we obtained a comparable, albeit
more variable (80 to 90%), effectiveness by adding a
second extraction of the 10,000 x g pellet. The same
was done for complexes formed at early times after
infection.

Histone extraction and analysis. Cellular his-
tones were extracted from the 10,000 x g pellet with
0.4 N H2SO4 for 1 h under magnetic stirring in an ice
bath. The same procedure was applied to the SV40
complexes isolated by sucrose gradient centrifugation,
after precipitating the corresponding fractions with 2
volumes of ethanol. The acid extracts were precipi-
tated with 10 volumes of acetone. Histones were elec-
trophoresed in 15-cm (6-mm inside diameter) acetic
acid-polyacrylamide gels containing 2.5 M urea, pre-
pared by a modification of the Panyim and Chalkdey
procedure (21) (17% acrylamide, 0.085% ethylene di-
acrylate and N,N,N',N'-tetramethylethylenediamine,

0.16% ammonium persulfate). Samples were dissolved
in 5 M urea-4 mM dithiothreitol-0.9 N acetic acid and
heated to 90°C for 1 min. After an overnight prerun,
electrophoresis was carried out for 24 h at 6 V/cm.
Bands were stained with amido black, and densito-
metric tracings were obtained with either a Gilford
2410 or an E-C 910 densitometer.

Sucrose (15 to 30%) in SDS buffer (10mM Tris [pH
7.4], 100 mM NaCl, 1 mM EDTA, 0.5% SDS) was used
to quantitate and separate viral DNA from the pro-
teins to be analyzed in SDS-polyacrylamide gels. SV40
complexes precipitated from sucrose gradients as in-
dicated above were redissolved in SDS buffer-2 mM
dithiothreitol and centrifuged for 14 h at 30,000 rpm
(25°C) in the SW41 Spinco rotor; proteins were pre-
cipitated from the top fractions with 5 volumes of
ethanol.
Histone labeling. [3H]acetate (6.4 Ci/mmol) was

dried by vacuum and dissolved in normal culture me-
dium before administration to cells. Labeling with
[I4C]lysine and ['4C]arginine (300 mCi/mmol) was car-
ried out in a medium that differed from the growth
medium in that it contained dialyzed serum and Joklik
synthetic components. After electrophoresis, gel slices
were hydrolyzed and assayed for radioactivity.

RESULTS
Distribution of SV40 DNA among the

main species of nucleoprotein particles
during the lytic cycle. Inside infected cells,
SV40 DNA is found associated with proteins in
multiple forms of complexes (7, 8, 10, 16, 25, 26).
Some of these have short lifetimes and are rel-
atively minor components in mass terms, such
as replication and transcription complexes and
possible partially assembled structures. The ex-
posure of nucleoprotein particles to an improper
environment can also increase their heteroge-
neity because of variable disruption of these
structures (10). In total extracts of infected cells
under conditions that do not degrade viral struc-
tures (see above and below), the mass of SV40
DNA was detected within two major popula-
tions of intracellular particles. The first ap-
peared with the onset of viral DNA synthesis,
sedimented in sucrose gradients at about 75S,
and corresponded to the structures also called
minichromosomes. The other became evident
during the lytic cycle several hours after the first
and cosedimented in sucrose gradients with ma-
ture virions at about 180S. The sedimentation
rates indicated in the present experiments are
based on linear extrapolation from the positions
of the two ribosomal subunits of the host cell,
taken as reference points with the conventional
values of 60 and 40S in 15 to 30% sucrose gra-
dients. The sedimentation rate usually assigned
to SV40 is higher (240S, as determined in 1 M
NaCl); in our gradients, however, the SV40 vir-
ions sedimented slightly ahead of the ribosomal
tetramer of animal polysomes, i.e., at about 180S
(20). The same coefficient has been reported
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when the sedimentation rate of SV40 has been
compared with that of poliovirus (11). The sed-
imentation rate of minichromosomes reported
recently is 70 to 75S (6, 8, 10, 16, 26), but it
should be considered, as already noted by Var-
shavsky et al. (26), that a coefficient obtained
with ribosomal subunits as markers is lower than
that obtained with the 21S viral DNA as the
marker. Figure 1A illustrates the fractionation
by sucrose gradient centrifugation ofan infected-
cell extract, prepared at a time near the middle
of a 5-day lytic cycle. The absorbance profile
shows the separation of two main species of
deoxynucleoprotein particles: the heavier one
sedimented in the 180S position, and the lighter
one emerged as a shoulder on the left side of the
large ribosomal subunit peak, derived from the
dissociation of total cell ribosomes. The label
distribution shows that after a 70-min exposure
of cells to radioactive thymidine, most radioac-
tivity was associated with the 75S particles and
very little was associated with the 180S particles.
In this experiment the two peaks of particles
were eventually precipitated with ethanol, dis-
solved with 1% SDS, and analyzed in sucrose-
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SDS gradients; the same was done with a par-
allel sample which had been labeled for 22 h.
The results of these analyses (not shown here)
indicated that: (i) as measured from optical den-
sity tracings, the 180 and 75S particles contained
nearly equal amounts of 21S DNA (29 and 26
jig/dish of about 7 x 10' cells, respectively); (ii)
the 180S peak contained no other nucleic acid
except 21S DNA; and (iii) the viral DNA ac-
counted for all of the radioactivity incorporated
in the two particle peaks during both the short
and long labeling periods.
The large specific activity difference in the

DNA of the two particles, observed at a stage
when comparable masses of both are present
inside the cells, suggests that newly synthesized
viral DNA enters first the 75S and then the 180S
population. Figure 1B shows the results of an
experiment in which the radioactive thymidine
incorporated in a 45-min pulse was chased for 4
h. The radioactivity in the 75S peak decreased
during the chase, and that in the 180S peak
increased (although in a nonlinear fashion, pre-
sumably due to particle release); this result sup-
ports the suggestion that viral DNA moves from

B

75S
A l°7.5

~~~~5.01EC

fraction no.

FIG. 1. Sucrose gradient fractionation of infected-cell extracts. Extracts from CV-1 cultures infected with
SV40 were prepared as described in the text and centrifuged in 15 to 30% sucrose gradients for 110 min in the
SW41 Spinco rotor. The gradients were collected through an automatic-recording Gilford spectrophotometer.
Suitable samples of the gradient fractions were precipitated with trichloroacetic acid and assayed for
radioactivity. Fractions 3 to 6 and 11 to 15 were eventually precipitated with ethanol and analyzed in SDS-
sucrose gradients for viral DNA content (see text). A total of (A) 7 x 106 cells in one 100-mm dish were labeled
at 62 h postinfection for 70 min with IsH]thymidine (10 ,uCi/ml; specific activity, 6.7 Ci/mmol). (B) Two 60-mm
dishes containing 2.5 x 0l cells received /5HJthymidine as described above at 60 h postinfection for 45 min.
One culture was extracted at the end of this period (0); the other was extracted after another 4-h incubation
in new medium containing 5 x 10-4M unlabeled thymidine (-). A26o, Absorbance at 260 nm.
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the first to the second particle.
Figure 2 shows the mass distribution of the

total 21S viral DNA produced during the lytic
cycle among the 75S particles, the intracellular
180S particles, and the 180S particles spontane-
ously released in the growth medium. The in-
fected cells were also labeled for 60 min soon
after the start of viral DNA synthesis to follow
the fate of 21S molecules synthesized at the
beginning of the cycle. From the DNA mass
diagram (Fig. 2A), it appears that the 21S DNA
contained in the 75S particles increased slowly
for more than half the cycle and then declined,
whereas the 21S DNA associated with the 180S
particles was detectable several hours later, rap-
idly reached its maximum toward the middle of
the cycle, and then slowly decreased. After their
appearance inside the cell, the 180S particles
were also found in the medium and there contin-
uously increased as the culture progressed to-
ward lysis. The 180S particles released in the
medium were separately quantitated to present
a full picture of viral DNA distribution among
the particles constituting the major stations of
viral chromatin in the lytic cycle. Figure 2B
shows the percent distribution of the 21S radio-
activity incorporated during a [3H]thymidine
pulse administered at 26 h postinfection among
the particles described above. The DNA mole-
cules synthesized early in the lytic cycle emerged
successively in the 75S and the intracellular and
extracellular 180S particles. Conclusions con-
cerning the rate of this passage, however, are
only approximate because the notable increase
in the total 21S radioactivity in the course of the
cycle (see the legend to Fig. 2) for that part
which was not due to an imperfect initial extrac-
tion of labeled molecules resulted in a propor-
tional increase in the apparent transit time from
the 75S to the 180S particles. This also pre-
vented an unambiguous answer to the question
of whether the label left the 75S particles lin-
early or exponentially (i.e., whether these parti-
cles were processed in their order of synthesis or
randomly). This kinetics helps in the under-
standing of the correspondence between the bi-
ological and operational identities of the parti-
cles isolated during viral growth. It should be
noted that the viral DNA weight detected in the
180S particles (intracellular plus extracellular)
at between 60 and 70 h postinfection was more
than 80% recovered in the sum of the particles
at the end of the lytic period. The overall dia-
gram also confirms that SV40 DNA is efficiently
encapsidated (10).
Early 180S particles are similar, but not

identical, to mature virions. The experiments
to detect an SV40 intermediate complex on
which the final acetylation of viral chromatin
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FIG. 2. Distribution of21S SV40 DNA among 75S
particles, intracellular 180Sparticles, and 180Spar-
ticles released in the medium. A series of 60-mm
dishes containing confluent cultures was labeled at
26 h after infection with [3H]thymidine (20 ,ICi/ml)
for 60 min. At the end of this period, the cultures
received new medium containing 5 x 10' M unla-
beled thymidine. At the times indicated, cell extracts
were prepared and analyzed in sucrose gradients as
shown in Fig. 1. The 180 and 75S fractions were
precipitated with ethanol, dissolved with 1% SDS,
and centrifuged in SDS-sucrose gradients (see text).
The released particles were concentrated by centri-
fuging a 10,000 x g supernatant from the culture
medium at 38,000 rpm for 3 h in a Spinco 50 Ti rotor.
(A) In the spectrophotometric tracings obtained from
SDS-sucrose gradients, the area ofthe 21Speaks was
quantitated by a graphic method; the amount of viral
DNA was determined by applying the equivalence 1
optical density unit at 260 nm = 50 pg ofDNA per ml
(14, 18). Symbols: 0, 0, and A: 21S DNA from 75S,
intracellular 180S, and released 180S particles, re-
spectively. (B) Radioactivity associated with the 21S
DNA of the viral particles illustrated above. (The
100%o value increased with time from about 110,000
cpm initially to about 190,000 cpm at 75 h postinfec-
tion; this was probably due to more than one concur-
ring error, such as an incomplete chase, imperfect
initial extraction ofhighly radioactive molecules, and
recycling of incorporated thymidine.) Symbols: O, *,
and 0: 21S radioactivity from 75S, intracellular 180S,
and released 180S particles, respectively. During the
fastest rise of 180S, the hourly increase of its 21S
DNA content was between 3 and 6%o of the total 21S
(A); during the exponential-like phase of the 75S
radioactivity decrease (B), the apparent decay rate
was approximately 5%/h.

could take place resulted in the finding of a
likely candidate: a discrete peak of particles
heavier than 75S and capable of rapidly incor-
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porating radioactive acetate into histones. Be-
cause of abnormal sedimentation properties,
however, we also realized that these particles
were unstable in some ionic environments, which
still left the mature virions unaltered, and that
under different saline conditions these particles
cosedimented with mature virions. Figure 3
shows the results of an experiment in which
180S particles labeled with [3H]thymidine and
isolated at 60 h after infection were mixed with
virions labeled with ['4C]thymidine and col-
lected at the end of the lytic period (each isotope
had been added to one half of the same infected
culture at 36 h after infection). Both species of
particles had been first isolated separately in
sucrose density gradients. This mixture was
partly made 0.015 M NaCl-0.01 M EDTA-0.01
M Tris (pH 7.4) and partly left in 0.1 M NaCl-
0.01 M Tris (pH 7.4), incubated for 15 h at 200C,
and finally centrifuged in sucrose density gra-
dients. The profiles show that the two types of
particles cosedimented when maintained in 0.1
M NaCl-0.01 M Tris (pH 7.4), but sedimented
separately when incubated with EDTA at a low-
salt concentration; the 14C-labeled particles did
not change their sedimentation rate, whereas
the 3H-labeled particles sedimented more slowly.
Similar experiments (not shown here) showed
that: (i) EDTA and low salt, each alone, had
little effect; (ii) the transition kinetics from the
fast- to the slow-sedimenting form of the unsta-

6 A 180 S

E

ble particles occurred via a shorter-lived inter-
mediate stage; (iii) with different preparations,
the result shown in Fig. 3 was also obtained at
5°C (or at 20°C, in a shorter time); and (iv) the
transition from one discrete form of unstable
particles to the other was initially over 50%
reversible, but eventually a decay into a heter-
ogeneous set of smaller complexes took place.
The 180S particles behaved in an analogous
manner when centrifuged to equilibrium in CsCl
gradients (Fig. 4). A mixture of '4C-labeled and
3H-labeled particles similar to that described in
the experiment of Fig. 3 was first incubated with
EDTA at a low-salt concentration, then sus-
pended (without fixation) in a CsCl solution with
a final density of 1.36 g/cm3, and centrifuged for
26 h at 38,000 rpm. The distribution of the two
isotopes at the end of the run formed two peaks
essentially superimposed at a density of 1.345 g/
cm3 in the unincubated control (Fig. 4A). The
EDTA-treated sample (Fig. 4B) showed the
presence of the 14C peak in the same position of
the control, but the 3H radioactivity was distrib-
uted rather heterogeneously in the denser region
of the gradient. This suggests that the 3H-labeled
particles that had been treated with EDTA pro-
gressively lost proteins when centrifuged in a
CsCl gradient. Such a process of dissociation
seemed to be rather slow for it was not apparent
after a 90-min centrifugation in a CsCl gradient
carried out by the method of Christiansen et al.
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FIG. 3. Effect ofEDTA at a low ionic strength on the sedimentation rate ofmature virions and intracellular
180S particles. Two infected cultures were labeled at 36 h postinfection, one with [3H]thymidine (5 [iCi/ml)
and the other with [14Cthymidine (0.12 ,uCi/ml; specific activity, 47 mCi/mmol). At 60 h postinfection, the 3H-
labeled culture was extracted and analyzed as shown in Fig. 1. The 4C-labeled culture was allowed to lyse
completely; the lysate (collected at 120 h postinfection) was rapidly frozen and thawed five times and
centrifuged for 10 min at 10,000 x g; the supernatant was then sedimented at 35,000 rpm for 3 h in a Spinco
42.1 rotor. The pellet was suspended and centrifuged in a sucrose gradient as with the 3H-labeled extract; the
top fractions of the 4C and 3H 180S peaks thus obtained were mixed. Part of this mixture was left in 0.1 M
NaCI-0.1 M Tris (pH 7.4) (A); part was diluted to 0.015 M NaCl and made 0.01 M in EDTA (B). The two
samples were incubated for 15 h at 20°C and then centrifuged in sucrose gradients as in Fig. 1 for 90 min.

J. VIROL.



SV40 CHROMATIN CHANGES IN IMMATURE VIRIONS 1143

11

q

x

E

I

x

E

u

fraction no.

FIG. 4. CsCl gradient analysis ofmature virions and intracellular 180S particles incubated with EDTA at
a low ionic strength. A mixture of 14 C-labeled mature virions and 3H-labeled 180Sparticles wasprepared and
incubated with EDTA at a low-salt concentration as described in the legend to Fig. 3. The samples were then
brought up to 3 ml with a CsCI solution (final density, approximately 1.36 g/cm3) and centrifuged for 26 h at
38,000 rpm and 10°C in the SW50.1 Spinco rotor. (A) Unincubated control; (B) sample incubated with 0.01 M
EDTA-0.015M NaCl.

(6), but it became evident when the same cen-
trifugation was prolonged for 24 h (data not
shown).

Electron microscopic pictures of the 180S par-
ticles extracted from cells at 60 h postinfection
did not reveal any remarkable difference be-
tween their morphology and that ofmature virus
collected at the end of the lytic cycle (Fig. 5).
The structural proteins contained in these

particles were analyzed by polyacrylamide gel
electrophoresis in the presence of either SDS or
acetic acid-urea (21). The patterns obtained with
SDS-polyacrylamide gels are shown in Fig. 6A.
VP1, VP2, and VP3, as well as histones, were
present in the intracellular 180S particles (gel c).
In one detail, the pattern of these particles dif-
fered qualitatively from that of more mature
virions (gels a and b): the VP3 band of the
former was closely followed by a small band
absent in the latter. This difference was not very
evident here because in this type of gel, histone
Hi was split into two bands, the lower one of
which comigrated with VP3 (see the uninfected-
cell histones of gel d). This difference, however,
became quite clear in the acetic acid-urea gels,
which were more suitable for resolving histones
(Fig. 6B). These gels show that histone Hi was
present in the intracellular 180S particles,
whereas it was absent from the late virion par-
ticles (Fig. 6B, gels c and d). For the remaining
aspects, the two histone patterns were very sim-
ilar; in particular, the acetylation level observed
in both was higher than that in the 75S histones
(gel b), which in turn was slightly higher than
that in cellular histones (gel a).

A histone analysis was also performed on a
mixture of intracellular 180S and late virions,
whose proteins had been labeled with different
isotopes. This was done to rule out hypothetical
artifacts (such as selective losses and changes in
dye affinity) that might have resulted in the
disappearance of HI from late virions. An in-
fected culture was labeled at 24 hours after
infection, half with [3H]lysine and half with
[I4C]lysine. The incubation with [3H]lysine was
stopped at 60 h after infection and that with
[I4C]lysine was stopped at 130 h after infection,
when the lysis was completed. Particles sedi-
menting at 180S were extracted from the ho-
mogenized cellular structures and from the
growth media and centrifuged in sucrose gra-
dients. The histones extracted from the mixture
of the two particles are shown in Fig. 7A. The
radioactivity distribution confirms the strong re-
duction of the histone Hi peak in virion particles
(labeled with 14C) collected at the end of the
lytic cycle.
When infected CV-1 cells were allowed to lyse

completely, the bulk of virions was spontane-
ously released into the culture medium, and the
yield could be increased further by the widely
used procedure of freezing and thawing the ly-
sate. A residual fraction of virions, however,
usually less than 15% of the total, could only be
recovered by mechanical disruption of cells and
cell debris in a homogenizer. These virions,
which somehow conserved a tighter association
with cell structures until the end, were also
isolated and analyzed for the histone content. In
their pattern, only a very faint band of histone
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A

FIG. 5. Electron micrographs of intracellular
180S particles (at 60 h postinfection) (A) and mature
virions (B). 180S particles and mature virions were

prepared and isolated in sucrose gradients as de-
scribed in the legend to Fig. 3. Five microliters from
the gradient peaks was absorbed for 3 min onto grids
covered with a collodion film and carbon coated. The
material was stained without fixation for 30 s with
2%o uranyl acetate.

Hi was present: this can be observed better in
densitometric profiles (Fig. 7B, curve c). In a

large-scale experiment, it was found conversely
that the 180S particles released early in the
medium (at 60 h after infection) contained
slightly less histone Hi than did the intracellular
180S particles (curves a and b).
The possibility of a subtler contamination ar-

tifact affecting the intracellular 180S particles
was examined carefully, especially because a

change in their histone pattern was observed
after centrifugation in CsCl. 180S particles, la-
beled with radioactive thymidine, were first iso-
lated in standard sucrose gradients. The peak
fractions were then diluted and centrifuged over

a 34% CsCl solution by the method of Christian-
sen et al. (6). At the end, 94% of the particles
were recovered in a sharp band (halfway into
the CsCl gradient, as expected), but histone Hi
was then absent, or nearly so, from their histone
pattern. The extraction of the CsCl-sucrose

boundary, followed by an analysis in acetic acid-
urea gels, showed the presence of a single gel
band corresponding to histone Hi in an amount
roughly complementing the histone pattern
from particles (Fig. 8, gels a and b). The first
explanation considered was that an artificial Hi
absorption to the capsid of truly Hi-less viral
particles might have occurred during cell ho-
mogenization, followed by Hi release upon ex-
posure to a high CsCl concentration. The alter-
native possibility was obviously that of a physi-
ological association of Hi with the particles,
with the salt extracting Hi prematurely. We
then carried out several reconstruction experi-
ments in which concentrated mature virions
were homogenized with uninfected cells and
then isolated with the usual procedure in sucrose
gradients. In all cases, no trace of histone Hi
was found associated with virions (Fig. 8, gel c).
From these results (together with the consist-
ently regular aspect of the five-histone pattern
in sucrose-isolated particles and the observation
that the host histones were fairly well conserved
also at the end of cell lysis), we concluded that
the CsCl centrifugation resulted in the produc-
tion, rather than in the elimination, of an arti-
fact.
The specific infectivity of viral particles was

measured in experiments in which the prepara-
tive procedures were kept as parallel as possible
(Table 1). The virus particles collected at the
end of the lytic cycle consistently presented a
higher specific infectivity than did the intracel-
lular 180S particles isolated at 60 h after infec-
tion: the lowest value observed in the former
was still three times larger than the highest
value in the latter. Table 1 also shows the spe-
cific infectivity of the 75S particles, but these
data should be considered as indicating only the
minimum difference from virions, since separa-
tion by sucrose gradient centrifugation, which is
adequate for biochemical purposes, is presum-
ably inadequate for biological assays.
Final stages of viral chromatin acetyla-

tion: uptake and retention of radioactive
acetate. The maturation and assembly of viral
deoxynucleoprotein complexes into the defini-
tive virion products appears to take place
through a series of intermediates (8, 10; unpub-
lished observations). The short-lived intermedi-
ates are only small components in terms of chro-
matin mass, but can be detected by labeling the
viral DNA with short radioactive pulses. With
this approach and suitable chase experiments,
Garber et al. identified four intracellular com-
plexes which the viral DNA enters in succession:
(1) aDNA replicative intermediate (sedimenting
slightly faster than the 75S complex); (2) a 75S
complex, which is a product of the replicative
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FIG. 6. Electrophoretic analysis ofproteins extracted from mature virions and intracellular 180S particles.

The two types ofparticles were prepared as described in the legend to Fig. 3. (A) SDSpolyacrylamide gels. a
and b, Proteins from mature virions, 1 dose and 0.5 dose, respectively; c, proteins from 180S particles; d,
histones from uninfected CV-1 cells. Three milliamperes per gel was applied for 16. h to 10-cm , 15%
polyacrylamide gels, cross-linked with ethylene diacrylate. (B) Acetic acid-urea gels. a, b, c, and d, Histones
extracted from infected-cell nuclei, 75S complexes, 180S particles (at 60 h postinfection), and mature virions,
respectively. For other technical details, see the text.

form; (3) a precursor of fully assembled particles
(sedimenting slightly slower than assembled
particles); and (4) a fully assembled particle.
Complexes 2 and 4 correspond to the two major
particles that we have been considering, whereas
complexes 1 and 3 in our experiments so far were
partly left out and were partly minor contami-
nants of the particles obtained from the 75 and
180S peaks. In a scaled-up experiment similar to
that shown in Fig. 1, we analyzed the histones of
the particles sedimenting in the regions of com-
plexes 1 and 3, that is, ahead of the 75S peak
and behind the 180S peak. These histones are
shown in Fig. 9. The fraction enriched in repli-
cative forms (gel b) contained histones with a
degree of acetylation very similar to that of the
75S complexes (gel a). In histone H4, in which
the acetylation level could be observed more
easily, the two lower bands (corresponding to
molecules with 0 or 1 acetyllysine) were clearly
predominant over the upper bands. The frac-
tions enriched in the precursor of the 180S par-
ticles showed a higher degree of histone acetyla-
tion (gel c), very near that of the 180S particles
(gel d). Here the relative distribution of histone
H4 among the five bands had changed in favor
of the upper bands. These patterns were con-
sistent with the idea that viral chromatin is
progressively modified by an increase in histone
acetylation during successive stages of virion
maturation.

Conceivably, at the stage represented by the
intracellular 180S particles, the histone acetyla-
tion processes are either completed or nearly

completed. Any activity still occurring in these
particles should be revealed by the analysis of
their histones after a short exposure of cells to
radioactive acetate. The following two experi-
ments were carried out first to measure the total
uptake and retention of [3H]acetate in the his-
tones from 180S particles and then to determine
whether the chromatin carried into the 180S
particles by precursor particles could account
for all of the label associated with these histones
or whether a direct histone acetylation might
also occur.

In experiment 1, histones were labeled for 20
min with [3H]acetate, and the incorporation was
measured after 20 and 90 min of chase (the 20-
min chase substituted for the simple pulse be-
cause the chase was not completely effective and
the incorporation continued to increase for the
first 20 min). The results are shown in Fig. 10,
which also shows, for a comparison, the host cell
and the 75S histone patterns. The cellular his-
tones and the 75S histones incorporated [3H]-
acetate as expected; at the end of the chase, the
cell histones had lost about 40% of the radioac-
tive acetyl groups present 70 min earlier (Fig.
lOc and c'). The corresponding loss in histones
associated with the 75S viral chromatin was only
about 5% (Fig. lOb, and b'). There was no loss
and actually a minor increase in acetate radio-
activity after the chase in the histone extracted
from the intracellular 180S peak (Fig. lOa and
a'). This experiment confirmed that histone
acetylation in the viral chromatin has a different
turnover from that in the host chromatin (16).
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FIG. 7. Histone Hi presence in intracellular 180S
particles (immature virions) and absence in mature
virions. (A) Acetic acid-urea gel electrophoresis of a
mixed extract of 3H-labeled (immature virions) and
"C-labeled (mature virions) histones. At 24 h post-
infection, part of a culture received 20 ,iCi of [3H]-
lysine (specific activity, 63 Ci/mmol) per ml, andpart
received 0.4 ,uCi of [14C]lysine (specific activity, 286
mCi/mmol); the first culture was stopped at 62 h
postinfection and the second was stopped at 130 h
postinfection when lysis was completed. The two types
ofparticles were isolated as described in the legend
to Fig. 3, mixed, and extracted for histones. Symbols:
0, [3H]lysine; 0, [4 C]lysine. (B) Acetic acid-urea gel

a b c

FIG. 8. Histones from intracellular 180S particles
centrifuged in CsCl and from mature virions reex-
tracted from uninfected-cell homogenate. 180S parti-
cles labeled with [3H]thymidine for 20 h were ex-
tracted from cells at 50 h postinfection and isolated
in sucrose gradients as described in the legend to
Fig. 1. The 180S peak fractions were pooled, diluted
with 0.5 volume of buffer to a sucrose concentration
of 15%, and layered over a 34% CsCl solution in
SW50.1 tubes (6). Centrifugation was for 90 min at
40,000 rpm. Ninety-four percent of the input radioac-
tivity was recovered in a neat opalescent band half-
way down the CsCl column (another 5% was in a
barely visible band about 2.5 mm above the main
band). Mature virions werepelleted from a cell lysate,
suspended, homogenized with appproximately 107 un-
infected cells, and isolated in sucrose gradients by
the standard procedure used for intracellular 180S
particles. Histones were extractedfrom the main CsCl
band of 180S particles (a), from the CsCl layer at the
boundary with the sucrose column (b), and from the
sucrose gradient peak of mature virions (c). Analysis
was carried out as in Fig. 6B.

In addition, it also showed that histones of the
intracellular 180S particles became labeled dur-
ing short pulses with radioactive acetate and
that this radioactivity was fully retained.
An analytical evaluation of the 180S histone

labeling, however, is rather complex. The net
incorporation detected at any time in these par-
ticles may depend on at least two possible mech-
anisms: the afflux ofprecursor complexes labeled
before their entry and the direct acetylation of
the 180S histones minus the 180S particles re-
leased from cells and the histone deacetylation,

electrophoresis of histones from intracellular and
released 180S particles. For isolation procedures, see
the legend to Fig. 3. a and b, Densitometric tracings
of histones from intracellular and released particles
at 60 h after infection, respectively; c and d, histone
tracing from residual intracellular and released par-
ticles at 130 h after infection, respectively. A61,5, Ab-
sorbance at 615 nm.

J. VIROL.



SV40 CHROMATIN CHANGES IN IMMATURE VIRIONS 1147

TABLE 1. Infectivity ofSV40 particlesa
PFU x 10-9/pg of 21S DNA

Expt 180S
Mature virions (60 h postin- 75S

fection)

1 1.5 0.32 0.01
2 1.0 0.05 0.001
3 1.1 0.1

a Particles were obtained in each experiment from the
same infected culture, part of which was stopped at 60
h postinfection to extract 180 and 75S complexes and
part of which was allowed to lyse until 120 h postin-
fection to obtain mature virus. All particles were iso-
lated from sucrose gradients as described in the legend
to Fig. 3, and dilutions were made directly from gra-
dient fractions. 21S DNA was quantitated as described
in the legend to Fig. 2.

HH1

=H 3
_H2B
H2A

t|_4_ _ _~~~~~~~~~~~3
_P ~~~~ _~O H4

a b c d e

FIG. 9. Electrophoretic analysis of histones from
different SV40 nucleoprotein particles. Infected cells
from 20, 10-cm dishes were fractionated at 65 h after
infection in a series of sucrose gradients similar to
that shown in Fig. 1. Samples from the 75 and 180S
peaks were analyzed together with two pools of inter-
mediate gradient fractions (corresponding to frac-
tions 6 to 7 and 9 to 11 ofFig. 1). a, 75S complexes; b,
post- 75S region; c, pre-180S region; d, 180S particles;
e, virions from cells allowed to complete lysis.

if present. The essential question, however, can
be put more simply by asking only whether the
load of labeled histones accompanying that frac-
tion of the viral DNA which enters the 180S
particles during an acetate pulse is sufficient to
account for all of the acetate radioactivity incor-
porated at the end of the pulse. The answer,
with reservations due to the assumptions men-

tioned below, is that it is not sufficient. The first
indication for this comes from the experiment
shown in Fig. 10 (see the legend), in which the
proportion of labeled histones contained in the
180S particles at the end of a 20-min pulse with
[3H]acetate followed by a 20-min chase was
about 27% of the total labeled histones in viral

chromatin. The rate of 21S DNA entry into the
180S particles can be estimated, albeit very ap-
proximately, from the kinetics shown in Fig. 2.
This estimate, for the above time interval, falls
between 3 and 6% of the total 21S DNA, a figure
considerably lower than its equivalent as radio-
active acetate incorporation.
An experiment was then carried out to deter-

mine more directly the proportions of viral DNA
and histones that enter the 180S particles during
a radioactive acetate pulse by pulse-labeling the
same cells with [14C]thymidine and [3H]acetate.
['4C]thymidine was administered first for 20 min;
[3H]acetate was administered afterwards for 30
min. The labeling was not simultaneous to allow
some time for viral DNA replication and to avoid
underestimating the entrance of the '4C label
into the 180S particles. At the end of the [3H]-
acetate pulse, the viral DNA complexes were
fractionated in a sucrose gradient similar to that
shown in Fig. 1; the viral DNA was then quan-
titated by centrifugation in sucrose-SDS gra-
dients, and the histones were quantitated by
polyacrylamide gel electrophoresis. The 180S
peak was found to contain 2,350 cpm of '4C-
labeled 21S DNA and 10,300 cpm of 3H-labeled
histones. The 75S peak contained essentially all
of the remaining radioactive chromatin, 27,500
cpm as '4C-labeled 21S DNA and 38,500 cpm as
3H-labeled histones. Thus, the "C radioactivity
in the 180S particles, which could derive only
from the 75S particles, was 8% of the total, and
the 3H radioactivity which might derive both
from the 75S particles and from the direct in-
corporation was 21% of the total; this dispropor-
tion strongly suggests that a direct incorporation
of [3H]acetate indeed occurs. The conclusion
depends on the assumption that the viral chro-
matin labeled with [3H]acetate moves into the
180S particles at the same rate of the 1'C-labeled
molecules (or, in any case, that a hypothetical
delay of '4C does not exceed the 30-min advan-
tage received). Still, considering the consistency
of this result with the first rough estimate, which
was based on kinetics following the behavior of
total viral DNA, the most objective interpreta-
tion of the data is that the [3H]acetate is not
only transported but is also directly incorporated
into the 180S histones.

DISCUSSION
The main conclusions that can be drawn from

the present work are the following: (i) the SV40
chromatin changes during the process of virion
assembly, with a progressive increase in histone
acetylation and a final loss of histone H1; and
(ii) an important stage in such a process is rep-
resented by an intracellular particle with the
properties of an immature virion.
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7a H2B During a lytic cycle, SV40 DNA is detected in
1.5 H3 H2A - different types of intracelular nucleoprotein
5.0 H H4 2 particles; there is now fairly good evidence that
1 2 the large majority of viral DNA molecules enter

2.5 1 these structures in turn, which represent succes-
sive stages is the formation of mature virions (8,
10). The lifetimes oftwo complexes, one contain-

7.5 a' 3 ing only the set of internal proteins (mainly the
5.0 - 2 five histones) and the other containing the full

set of internal and external proteins, appear to
2.5 -1 be the longest on the basis of the viral DNA

mass distribution that we observed. Other com-
plexes have been identified by labeling the viral

b A 3 DNA with short pulses (10), and the overall
b picture obtained with the fractionation of in-

8 2 fected cells may actually suggest the existence
of a larger number of intermediates, which are

4 1S/ \ < = too short lived and variable in size to be identi-
fied as discrete species (8; unpublished observa-

i2 3 tions).
b'T The viral chromatin, soon after its synthesis,

8 2 does not contain histones with a high degree of
acetylation (only a little higher than that of the

4 \ 1 host histones), but ends up in virions with highly
acetylated histones (16). The initial nucleopro-
tein complexes, constituted by the 75S and the

30 ~c y A - 6 DNA replicative structures, are characterized by
20 | 4 a turnover of acetyl groups already different

from that of the host chromatin in that they
10 / - 2 have a greater acetyl retention (16). In the pres-

ent work, the data concerning the acetylation of
30 6

SV40 chromatin show the following: (i) that in
30 ~c'A- 6 the larger intracellular complexes the degree of
20 - 4 histone acetylation is higher than that in the

75S complexes and near that of the most mature
10/ 2 virions; and (ii) that the increase in histone

acetylation, as indicated by [3H]acetate incor-
10 20io io 40 50 poration, continues even in particles that have

completed, or nearly completed, the assembly of
slice no. the external proteins (this again occurs with a

IG. 10. [3H]acetate incorporation and retention valvelike mechanism, allowing the transfer of
tistones from 180S particles, 75S particles, and acetyl groups to histones but not their removal
'chromatin. A total of 7 x 107 infected cells were by deacetylases).
!led from 24 to 46 h postinfection with ['4C]lysine These fully assembled particles, sedimenting
['4C]arginine (each at 0.125 ,ICi/ml) and then at 180S like mature virions, are remarkable for
led for 20 min with 500 ,uCi of [3H]acetate per another chromatin change that occurs during
One half of the culture (indicated below as brief . .
se) was incubated for another 20 min in nonra- virion maturation: they represent the latest
tctive medium; the other half was incubated for stage in which viral DNA is still associated with
ther 90 min (long chase). For particle isolation histone Hl. We showed that at a later stage in
histone extraction, see the text. Five percent of the particles that we consider to be the actual
clar histones, 50%o of 75S histones, and 100%o of mature virions, Hl was no longer present. The
R histones were electrophoresed in acetic acid- immature forms of virions prevailed during a 5-
i gels. a, b, and c (brief chase), a', b', and c' (long day productive cycle until around 70 h postin-
Re), histones from 180S, 75S, and cell nuclei, re- fection, when cell lysis began; at about 120 h
pL4rpy. ,&n,3UUCLTLC cuw _e _I_eispecrivecy. -i-ne -.n raatoactivity contamnea in gets

(following the above order, with primed samplesgiven
in parentheses) was 16,288 (17,107), 21,405 (20,710),
and 53,263 (30,310) cpm. These figures (not the
graphs) are corrected for minor 14C differences (all
below 109%o) between the histones from the same

source. The higher 3H/ 14 C ratio in cell histones than
in viral histones can be explained by the different
content in new and old histones of the two chromatins
(16).

E

1-

Fi
by h
host
labe
and
labe
ml.
chas
dioa
anot
and
cellb
180S
urea
chas

J. VIROL.



SV40 CHROMATIN CHANGES IN IMMATURE VIRIONS 1149

postinfection, the lysis of cells was completed
and the virions then had acquired different char-
acteristics. The recovery of particles in this final
stage was high enough (at least 80%) to rule out
a significant selection. The particles described
as immature virions, or provirions, resembled
the more mature virions in morphology, sedi-
mentation velocity, and density in CsCl. Their
distinct properties were the following: the pres-
ence of histone Hi, the incorporation of radio-
active acetate into histones (until around 60 h
postinfection), lower specific infectivity, and in-
stability in some ionic environments. The exist-
ence of two similar, but not identical, virionic
structures may explain some apparently conflict-
ing data in the literature on the properties of
mature SV40. Earlier reports on the protein
content of virions (generally collected at the end
of cell lysis) did not include histone Hi (6, 17,
22, 23). Besides, in view of the standard purifi-
cation procedures, it appears that SV40 virions
were not considered overly unstable. In recent
studies of viral chromatin, the intracellular com-
plexes were fractionated at earlier times in the
lytic cycle, and the heavier structures, similar in
morphology and sedimentation properties to
mature virus, have been identified as such. Our
results are thus consistent with those of Nedos-
pasov et al. (19) concerning the presence of
histone Hi in assembled virions, but differ in
the interpretation. The same can be said about
the instability of virions (for us, of provirions),
although it should be clear that even the truly
mature virus is not resistant to many destabil-
izing treatments, only more so than immature
virions. Our data confirm, of course, that unde-
graded 75S complexes contain histone HI (25).
Some technical aspects relevant to the present

work deserve more specific consideration. The
possibility that the detection of histone Hi in
the 75 and 180S particles might be due to cell
chromatin contamination was excluded by the
fact that when the DNA was allowed to incor-
porate radioactive thymidine for 22 h or longer,
all of the radioactivity in the particle peaks
extracted for histones was recovered as 21S
DNA, 95% in supercoiled form. Moreover, even
rough estimates of the absorbance profiles (Fig.
1) suggest that the amount of viral chromatin
contained in the two major peaks is just too
large to be substantially altered in its composi-
tion by background contamination. Finally, re-
construction experiments in which mature viri-
ons were reisolated from uninfected-cell homog-
enates ruled out an external absorption to viri-
ons of histone Hi. As to the [3H]acetate-labeled
viral chromatin, the divergent behavior of cel-
lular and viral histones in pulse-chase experi-
ments and their consistently different acetate/

amino acid labeling ratio (Fig. 9) render the
possibility of a significant cellular contamination
rather unlikely. Our data agree with those of
Garber et al. (10) concerning the artifacts that
may be caused by improper extracting proce-
dures; it is quite evident that the use of EDTA
in infected-cell extracts should be carefully con-
trolled (see above and Fig. 3 and 4). To this we
should add two other technical observations
made in preliminary experiments. The first is
that the procedures that discard a cytoplasmic
fraction almost inevitably select out a nonnegli-
gible fraction of viral chromatin (11, 16), easily
underestimated when radioactivity alone is
monitored. The second is that the Dounce ho-
mogenization squeezes out of nuclei more rap-
idly and completely the viral nucleoprotein com-
plexes that would leak out spontaneously only
upon prolonged incubation. In the absence of
detergents, the risk of producing nuclear frag-
ments too small to sediment at 10,000 x g re-
mains fairly low, since CV- 1 nuclei do not appear
to be very fragile. On the contrary, prolonged
incubations (especially in the presence of deter-
gents) can easily disrupt some viral structures
and favor histone Hi and H3 degradation and
histone deacetylation in vitro. Perhaps these
basic differences of procedure may explain why
our data led us to conclude that reduced deace-
tylation promotes the difference between the
viral and cellular histones, rather than increased
acetylation, as concluded by Chestier and Yaniv
(5). From a physiological point of view, the in-
crease in histone acetylation in viral chromatin
may represent an advantage facilitating gene
transcription for the infecting virus (1, 27); the
disappearance from virions of histone Hi may
represent the elimination of a protein whose role
in packaging the chromatin has ended; the ad-
vantage of an increased stability is obvious. The
surprising and difficult-to-explain aspect is that
the elimination ofhistone Hi and the final acetyl
transfer to histones occur in structures (the im-
mature virions) in which the process of encap-
sidation appears to be completed. To some ex-
tent, this phenomenon is not really unique in
animal virus morphogenesis. The terminal steps
in poliovirus maturation involve the formation
of a provirion, first discovered as a discrete spe-
cies sedimenting at 125S. It was eventually found
that the natural form of the provirion cosedi-
mented with mature virions at 150S and that
the slower-sedimenting form was produced by
the unique sensitivity of the provirion to EDTA.
This unstable provirion also contains a protein,
VPO, which has yet to be cleaved to two final
products (9, 12) by the action of a soluble pro-
tease or by a protein of the procapsid itself (2,
13). In adenovirus morphogenesis, the transition
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from young virions to aged virions (two struc-
tures undistinguishable by density) is also ac-
companied by polypeptide cleavage. This takes
place within the young virions and originates
one of the core proteins plus other polypeptides,
with a loss of molecular weight (4, 15). The
enzymatic mechanisms and the structural rear-
rangements presumably required by this type of
morphogenetic change have not yet been eluci-
dated. In the case of SV40, we can only suppose
that the instability of the immature particles
reflects a capsid structure in which some ele-
mental components are not so tightly connected
as to totally isolate the virion internal proteins
from the environment. Histone Hi does not
necessarily need to be eliminated by proteolysis;
it might be expelled when the proper degree of
chromatin condensation is reached, such as
when "scaffolding" internal proteins of some
phages are expelled from unstable proheads
upon DNA encapsidation (4). The SV40 capsid
might then be sealed into its stable form by
forming extra intermolecular disulfide bonds.
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