JOURNAL OF VIROLOGY, June 1986, p. 817-824
0022-538X/86/060817-08$02.00/0

Vol. 58, No. 3

Nucleoprotein Complexes of Minute Virus of Mice Have a Distinct

Structure Different from That of Chromatin
C. DOERIG,! G. McMASTER,! J. SOGO,? H. BRUGGMANN,! anD P. BEARD!*

Swiss Institute for Experimental Cancer Research, 1066 Epalinges,* and Institute of Cell Biology, Eidgenossische

Technische Hochschule, 8093 Ziirich,? Switzerland
Received 30 September 1985/Accepted 18 February 1986

We studied the structure of viral nucleoprotein complexes extracted from the nuclei of mouse cells infected
with the immunosuppressive strain of the minute virus of mice (MVMi). Two types of complex were detected,
with sedimentation coefficients of about 110 and 40S. The complexes sedimenting at 110S contained
single-stranded MVMi DNA as well as a second form of viral DNA which apparently had a heat-sensitive
secondary structure. The 110S peak also contained proteins which coelectrophoresed with the MVMi capsid
proteins. Complexes sedimenting at 40S contained the double-stranded replicative form of MVMi DNA. These
complexes sedimented faster than did the pure replicative form DNA (15S), but more slowly than cellular
chromatin fragments containing DNA of the same length. They incorporated labeled deoxynucleoside
triphosphate in vitro into the replicative form DNA. We investigated the structure of MVMi nucleoprotein
complexes in the following ways. Nuclei of MVMi-infected cells were digested with staphylococcal nuclease, and
the resulting DNA fragments were electrophoresed, transferred to nitrocellulose, and hybridized first with
labeled MVMi DNA and then with cellular DNA. A nucleosomal repeat pattern was seen with the cellular DNA
probe but not with the MVMi DNA probe. The DNA in MVMi nucleoprotein complexes was cross-linked with
psoralen, purified, denatured, and examined with an electron microscope. Bubbles, indicating the presence of
proteins, were seen in the MVMi DNA. The length of the DNA in the bubbles was 90 = 29 nucleotides. On the
other hand, nucleosomes protected 160 base pairs from cross-linking by psoralen. The MVMi nucleoprotein

complexes thus have a distinct structure which is different from that of chromatin.

The minute virus of mice (MVM) is a member of the
autonomous parvovirus group (reviewed by Ward and Tat-
tersall [35] and Berns [5]). The small icosahedral MVM
virions contain a linear DNA molecule about 5.1 kilobases
long which is mostly single-stranded but with base-paired
hairpins at each end (5, 35). In the infected cell, the virion
DNA is converted to a double-stranded replicative form
(RF). The MVM genome encodes the three proteins which
make up the viral capsid, VP-1, VP-2, and VP-3, as well as
two nonstructural proteins, NS-1 and NS-2 (10). The func-
tions of NS-1 and NS-2 are not yet clear.

An immunosuppressive variant of MVM was reported by
Bonnard et al. (6), and we showed that the variant, MVMi,
is similar in structure and closely related in DNA restriction
pattern to the prototype strain MVMp (22). Nevertheless,
MVMi and MVMp have different biological properties.
MVMi grows in cells derived from lymphoid tissue, and it
inhibits various functions mediated by murine T lympho-
cytes in vitro (12). On the other hand, MVMp grows in
fibroblasts and has not been found to inhibit T-lymphocyte
functions. The nucleotide sequence of the genome of MVMp
is known (1). The sequence of the genome of MVMi has
recently been determined (26), and comparison of the two
viral genomes shows regions of sequence variation that
probably determine their distinct specificities for the differ-
entiated state of the host cells.

To understand the interactions between MVMi and
MVMp and their host cells, we need to know which proteins
associate with the viral DNAs. In the work reported here,
we have studied the nucleoprotein structures of MVMi
extracted from infected cells. In particular we were inter-
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ested in whether intracellular MVMi DNA is organized into
structures similar to or different from chromatin.

MATERIALS AND METHODS

MVMi, MVMp, and their host cells, the EL-4 lymphoma
line and A9 fibroblasts, were described by McMaster et al.
(22). The cells were grown as monolayers in Dulbecco
modified Eagle medium containing 5% calf serum. For
infection, the medium was removed from cultures that were
between 30 and 50% confluent and replaced by 0.4 ml of virus
suspension (generally an infected cell lysate) per 9-cm plate.
After 90 min at 37°C, 10 ml of medium with 2% calf serum was
added, and the infection continued for 24 h. At times noted,
at 24 h after infection cells were labeled with [*H]lysine (75
Ci/mmol, 100 p.Ci/ml) in Earle saline for 30 min, followed by
a chase for 30 min with medium containing 2% calf serum.

Except where noted otherwise, the experiments were
done with MVMi. To isolate MVMi nucleoprotein com-
plexes, infected EL-4 cells were washed with cold phos-
phate-buffered saline, then harvested gently into HBE (10
mM HEPES [N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid]-KOH [pH 7.8], S mM KCl, 1 mM EDTA). EL-4
cells attached only loosely to the plastic surface. The cells
were pelleted for 3 min at 1,000 X g in the Sorvall HB4 rotor
(Ivan Sorvall, Inc., Norwalk, Conn.). The pellet was sus-
pended in HBE, and the cells were lysed by dropwise
addition, with mixing, of 1% Nonidet P-40 to give a final
concentration of 0.1%. This suspension was centrifuged for
2 min at 1,000 X g to give a loose pellet of swollen or lysed
nuclei. To this material in HBE was added NaCl to a final
concentration of 0.2 M, and the suspension was left for 1 to
4 h on ice. The precipitated cellular chromatin was pelleted
at 10,000 x g for 10 min, and the supernatant containing the
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MVMi nucleoprotein complexes was stored on ice. For
sucrose gradient velocity centrifugation, this crude extract
was layered onto a S to 20% (wt/vol) gradient of sucrose in
HBE containing 0.2 M NaCl. Centrifugation was at 164,000
X g for 65 min at 4°C in the Beckman SW60 rotor (Beckman
Instruments, Inc., Fullerton, Calif.). After centrifugation,
about 20 fractions were collected dropwise from the bottom
of the tube. MVMp nucleoprotein complexes were extracted
20 to 24 h after infection of A9 cells by the method previ-
ously used for simian virus 40 (SV40) (2).

Gel electrophoresis of DNA through 1% agarose (type 1I;
Sigma Chemical Co., St. Louis, Mo.) was either in 40 mM
Tris hydrochloride [pH 7.8]-10 mM EDTA-5 mM sodium
acetate, by using a horizontal electrophoresis apparatus 20
cm long, or in 89 mM Tris—89 mM boric acid-2 mM EDTA,
by using a minigel apparatus 7.5 cm long. Samples were
prepared in 10% glycerol-1% sodium dodecyl sulfate-
0.02% bromophenol blue; where noted they were digested
with pronase, 100 to 500 pg/ml, at 37°C for 15 min before
electrophoresis. After staining in ethidium bromide (1
wng/ml), gels were photographed with Polaroid 667 film under
UV transillumination.

Proteins present in gradient fractions were analyzed by
electrophoresis in 15% polyacrylamide gels (17). Proteins
were either stained with silver (24) or detected by fluoro-
graphy (18).

DNA polymerase activity in sucrose gradient fractions
was assayed by a modification of the method of Hiibscher
(14). The fractions to be tested were diluted threefold into a
reaction mix, giving final concentrations of 10 mM HEPES-
KOH [pH 7.8], 2 mM KCl, 65 mM NaCl, 0.3 mM EDTA, 100
g of bovine serum albumin per ml, 4 mM dithiothreitol, 10
mM MgCl,, 50 uM each dGTP, dTTP, and dCTP, and 25 pM
[*?P]dATP (5 nCi/100-pul reaction). Reactions were stopped
after 30 min at 37°C by the addition of sodium dodecyl
sulfate to a 1% concentration, and the unincorporated radio-
activity was removed on a small column of Bio-Gel A 15-M
(Bio-Rad Laboratories, Richmond, Calif.). Material in the
excluded volume was precipitated with ethanol and analyzed
by gel electrophoresis and autoradiography.

To prepare nuclei for staphylococcal nuclease digestion,
cells were swollen in lysis buffer containing 15 mM Tris
hydrochloride [pH 7.9], 25 mM KCl, and 2 mM MgCl,, then
lysed with a Dounce homogenizer. Nuclei were pelleted at
1,000 X g for 2 min in the HB4 rotor, washed once in lysis
buffer containing 0.34 M sucrose, and suspended again in 0.2
ml of the same buffer per original plate of cells. CaCl, was
added to a concentration of 2 mM, followed by 100 U of
staphylococcal nuclease per ml (Worthington Diagnostics,
Freehold, N.J.). Samples were removed at time zero and
after incubation for 1, 2, 5, and 10 min at 37°C. They were
adjusted to 10 mM ethylene glycol-bis(B-aminoethyl ether)-
N,N,N'’,N'-tetraacetic acid (EGTA) and 60 pg of RNase A
per ml and were incubated at 37°C for 10 min. Sodium
dodecyl sulfate (0.5%) and pronase (100 pg/ml) were then
added, and the incubation continued for 15 min. The DNA
was purified by extraction with phenol-chloroform, precipi-
tated with ethanol, and electrophoresed in a gel of 1.5%
agarose in the Tris-acetate buffer. DNA was transferred to a
nitrocellulose filter (28) and hybridized with two radioactive
DNA probes in succession. The first probe was RF DNA
cloned in pBR322 (26). After hybridization, washing, and
exposure for autoradiography (20), the filter was rinsed in 10
mM Trishydrochloride-1 mM EDTA [pH 7.9] at 95°C to
remove the hybridized DNA probe. The second probe was
mouse DNA purified from uninfected EL-4 cells. Both
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probes were labeled to 10’ cpm/pg by nick translation (25).
After hybridization and washing, the filter was reexposed for
autoradiography.

For psoralen cross-linking, 450 pl of nuclear extract
containing MVMi nucleoprotein complexes was placed in
the bottom of a small plastic petri dish. 4,5',8-Trimethyl-
psoralen (Paul B. Elder Co.) in ethanol was added to give a
final concentration of 10 pg/ml, and the solution was left to
stand for 10 min on ice. The solution on ice was irradiated
with 366-nm UV light (Ultra-Violet Products Inc., San
Gabriel, Calif.) for 4 h; more psoralen was added to make a
final concentration of 10 pg/ml after about 1 and 2 h of
irradiation. The solution was adjusted to 10 pg of RNase per
ml and incubated at 37°C for 15 min, then sodium dodecyl
sulfate was added to 1% (wt/vol) and proteinase K was
added to a concentration of 200 pg/ml, and the incubation
was continued for 1 h. DNA was purified by extraction with
phenol and precipitation with ethanol, then prepared for
electron microscopy as described by Sogo et al. (27). SV40
chromosomes extracted from infected TC7 cells as described
by Su and DePamphilis (29) were cross-linked, and the DNA
was prepared for electron microscopy by the same proce-
dure (J. M. Sogo, H. Stahl, T. Koller, and R. Knippers, J.
Mol. Biol., in press).

RESULTS

Extraction of MVMi nucleoprotein complexes. MVMi
nucleoprotein complexes were extracted from the nuclei of
EL-4 cells 24 h after viral infection. When the nucleic acids
in the crude extract were analyzed by agarose gel electro-
phoresis, two major virus-specific DNA bands were detected
(Fig. 1). One of these comigrated with a marker of single-
stranded MVMi virion DNA. The migration rate of the other
corresponded to that of a double-stranded DNA of 5.1
kilobases, characteristic of MVM RF DNA. Neither band
was present in extracts of uninfected cells (data not shown).
The extracts also contained variable amounts of an MVM-

FIG. 1. DNA present in a crude extract of MVMi nucleoprotein
complexes. (a) Single-stranded DNA from MVMi virus particles. (b)
Molecular weight markers from phage N DNA digested with
HindllI; their lengths in kilobases are shown on the left. (c) Nuclear
extract containing MVMi nucleoprotein complexes. (d) Sample as in
lane ¢ but treated with RNase (5 pg/ml) for 15 min at 37°C. The
positions of single-stranded (SS) and replicative form (RF, 5.1 kb)
DNAs are shown. MVMi-containing samples were treated with 1%
sodium dodecyl sulfate and pronase (500 pg/ml) for 15 min at 37°C
before addition of bromophenol blue-glycerol and loading on the gel.
After electrophoresis, the gel was stained with ethidium bromide.
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specific DNA which, after deproteinizing, migrated between
the positions of the single- and double-stranded DNAs (its
properties will be discussed below), ribosomal subunits, and
fragments of cellular chromatin (Fig. 2; see Fig. 5).

An extract of MVMi-infected cells similar to that shown in
Fig. 1 was analyzed by velocity sedimentation through a
sucrose gradient. Nucleic acids in the gradient fractions
were detected by agarose gel electrophoresis of samples
after the addition of sodium dodecyl sulfate (Fig. 2). The
extract shown contained the 40 and 60S ribosomal subunits
which served as sedimentation markers in the gradient. Two
peaks of virus-specific DNA were seen, with sedimentation
coefficients of approximately 110S (extrapolated from the
markers) and about 40S. The sedimentation coefficient of
MVM virions is known to be 110S (35).

The DNA in the 110S peak showed a predominant band
and a minor band after electrophoresis. The predominant
band migrated to the same position as did DNA purified from
MVMi virions. The other band migrated more slowly be-
tween the positions of virion DNA and RF DNA (see Fig. §
for another example). We called this DNA ‘‘band X*’. It was
MVM-specific, as shown by transfer to a nitrocellulose filter
and hybridization with a probe of MVM DNA. Its electro-
phoretic migration was unaffected by prior digestion with
pronase; however, after treatment either with 0.3 M NaOH
or at 100°C for 5 min, all the DNA from 110S peak migrated
to the position of virion DNA (data not shown). Band X
therefore seemed to be a form of MVMi DNA having a
particular secondary structure distinct from both the virion
and replicative forms. After sodium dodecyl sulfate was
added, the 40S peak yielded DNA which migrated close to
the position of MVMi RF but did not yeld any detectable
virion DNA.

The proteins in the extract used for the experiment shown
in Fig. 2 had been labeled with [*H]lysine during the viral
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FIG. 2. Sucrose gradient velocity centrifugation of a nuclear
extract containing MVMi nucleoprotein complexes and ribosomal
subunits. Sedimentation was from right to left. Top, Samples from
each fraction were adjusted to a 1% concentration of sodium
dodecyl sulfate and analyzed by gel electrophoresis and ethidium
bromide staining. M, Marker of MVMi RF DNA; B, material
recovered from the bottom of the centrifuge tube. The positions on
electrophoresis of single-stranded (SS) and replicative form (RF)
MVMi DNAs are shown, as are the positions of the 60 and 40S
ribosomal subunits (rRNA). Bottom, Sedimentation coefficients (S)
of the ribosomal subunits plotted against gradient fraction number.
The line was extrapolated to give an estimate of the sedimentation
coefficient of the faster-sedimenting MVMi complex.
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infection. Proteins present in the gradient fractions were
analyzed by polyacrylamide gel electrophoresis (Fig. 3A and
B) alongside molecular weight markers, MVMi virions, and
histone markers. Two separate gels were used. In one, the
proteins were detected by fluorography, and in the other,
they were detected by silver staining. The [*H]lysine labeling
was done to facilitate the detection of basic proteins, but in
fact the two methods yielded similar results. The most
prominent proteins cosedimenting with the 110S peak (frac-
tion 7) were the MVM capsid proteins VP-1, VP-2, and
VP-3. Several other proteins were present in lesser amounts,
but histones were not visible. This experiment did not allow
us to identify which proteins were associated with viral DNA
in the 40S peak because many cellular components, includ-
ing ribosomal subunits, sedimented to this position, and in
addition, the gel was heavily loaded to allow the detection of
faint bands. A slightly different method was used to extract
MVMp nucleoprotein complexes from A9 cells (see the
Materials and Methods section), which generally gave less
contamination by ribosomal subunits. With this material,
capsid proteins could readily be detected in both the 110 and
the 40S regions (Fig. 3C).

Fractions of a sucrose gradient similar to that shown in
Fig. 2 were incubated with radioactive deoxyribonucleoside
triphosphates under conditions allowing DNA synthesis by
endogenous DNA polymerase (12). DNA was isolated from
the reactions and electrophoresed with molecular weight
markers on an agarose gel which was stained with ethidium
bromide, photographed, then dried and autoradiographed
(Fig. 4). A radioactive band close to the position of RF DNA
was seen with the sample corresponding to the 40S peak
from the sucrose gradient. The 110S-peak fraction showed
no incorporation of radioactive precursor. This suggests that
the MVMi nucleoprotein complexes sedimenting at 40S
included complexes engaged in DNA replication.

MVMi nucleoprotein complexes compared with cellular
chromatin. The sedimentation rate of MVMi nucleoprotein
complexes was compared with the sedimentation rate of
fragments of cellular chromatin. Nuclear extracts containing
MVMi nucleoprotein complexes occasionally contained, in
addition, significant amounts of fragmented cellular chroma-
tin. Such an extract was sedimented through a sucrose
gradient, and the DNA in the gradient fractions was ana-
lyzed by electrophoresis in an agarose gel alongside markers
of single- and double-stranded MVMi DNA (Fig. 5). The
MVMi nucleoprotein complexes sedimented as before, in
two peaks containing the virion form of DNA, with the band
X (fraction 5) and RF DNA (fraction 15), respectively. The
DNA from cellular chromatin fragments, separated first
according to sedimentation rate, then by DNA length on
electrophoresis, formed a smooth curve roughly diagonal on
the gel from upper left to lower right. It was apparent that
MVMi nucleoprotein complexes containing RF DNA sedi-
mented more slowly than cellular chromatin fragments con-
taining DNA of the same length (fraction 9).

The structures of MVMi nucleoprotein complexes and
cellular chromatin were also compared by digestion with
staphylococcal nuclease. Nuclei were isolated from EL-4
cells infected with MVMi and from uninfected control cells.
They were digested with staphylococcal nuclease for various
times, and the DNA was purified and analyzed by gel
electrophoresis. On the ethidium-stained gel (Fig. 6a), the
typical series of bands which result from the repeating
nucleosomal structure of chromatin (13) were seen from both
infected and uninfected cells. The DNA in the gel was then
denatured, transferred to a nitrocellulose filter, hybridized
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FIG. 3. Proteins cosedimenting with MVMi nucleoprotein complexes. Fractions of the sucrose gradient in Fig. 2 were analyzed for
proteins by 15% polyacrylamide gel electrophoresis. The gels were either silver-stained (A) or fluorographed (B). Numbers over the gel tracks
refer to the sucrose gradient fractions. Markers used were MVMi virus particles (m) and histones from calf thymus (h). The positions of the
molecular weight markers are shown on the left. (C) MVMp nucleoprotein complexes were extracted from infected A9 cells as described in
the Materials and Methods section and were analyzed by sucrose gradient centrifugation. Samples from the peak fractions containing viral
DNA (110S) and RF DNA (40S) were electrophoresed as in panel A, and the proteins were visualized by silver staining. The marker (m) was

MVMp virus particles.

with radioactively labeled cloned MVMi DNA, and autora-
diographed (Fig. 6b). As expected, the DNA from uninfected
cells showed no hybridization. (The faint signal at the
position of MVM DNA in the third track of uninfected cell
DNA hybridized with the MVM probe is believed to be due
to contamination with viral material on loading the gel. No
such cross-reaction was seen in other hybridizations.) The
DNA from MVMi-infected cells showed, before nuclease
digestion, two strongly hybridizing bands representing the
replicative and single-stranded forms of MVMi DNA. With
nuclease digestion, the upper of the two bands (RF DNA)
disappeared, whereas the lower band (single-stranded virion
DNA) was more resistant, some remaining even after the
longest digestion time used.

FIG. 4. DNA polymerase activity in sucrose gradient fractions
containing MVMi nucleoprotein complexes. The 110 and 40S peak
fractions from a sucrose gradient were tested for endogenous DNA
polymerase activity (see the Materials and Methods section). After
the reaction, DNA was isolated and analyzed by agarose gel
electrophoresis. The gel was stained with ethidium bromide, photo-
graphed, then dried and autoradiographed. (a) MVMi RF DNA
stained with ethidium bromide. (b) 110S peak fraction. (c) 40S peak
fraction. (d) Molecular weight markers were from 3?P-labeled RF
DNA digested with EcoRI; DNA lengths in kilobases are given on
the right.

With the disappearance of the band of RF DNA, a smear
of hybridizable DNA was formed. This digestion pattern
differed from the normal nucleosomal digestion pattern in
two respects. First, although the smear was not uniform
(several broad bands could be discerned within it), bands
were absent from the positions corresponding to the
nucleosomal oligomers. Second, there was little or no accu-
mulation, with increasing nuclease digestion, of DNA of the
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FIG. 5. Sucrose gradient velocity centrifugation of an extract
containing MVMi nucleoprotein complexes and fragmented cellular
chromatin. After centrifugation, samples of gradient fractions were
adjusted to a 1% concentration of sodium dodecyl sulfate and
analyzed by agarose gel electrophoresis. The gel was incubated with
RNase (5 pg/ml) at room temperature overnight to digest RNA, then
stained with ethidium bromide. The gradient fraction numbers are at
the top. Slot (M) has markers of MVMi single-stranded and RF
DNAs. The position of band X in the 110S peak is indicated.
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FIG. 6. Staphylococcal nuclease digestion of cellular chromatin and MVMi nucleoprotein complexes. Nuclei were isolated from
MVMi-infected EL-4 cells and from uninfected cells. They were digested with staphylococcal nuclease for 0, 1, 2, 5, or 10 min, and the DNA
fragments were isolated and analyzed by agarose gel electrophoresis as described in the Materials and Methods section. The DN A was stained
with ethidium bromide (Et.Br.) (a), then transferred to nitrocellulose and hybridized with an MVMi-specific probe (b), and washed and
rehybridized with a mouse-cell-specific probe (c). Lanes u, Samples for uninfected cells; lanes i, samples from MVMi-infected cells, with
increasing times of digestion from left to right in each case. The positions of MVMi RF and single-stranded (SS) DNAs and that of the
nucleosome monomer (NM) are shown.

length corresponding to a single nucleosome (compare with filter was washed under conditions that removed most of the
Fig. 6a and c). MVMi DNA probe and rehybridized with radioactively

To check that the transfer and hybridization method was labeled mouse DNA. The resulting autoradiogram (Fig. 6c)
capable of detecting nucleosomal DNA fragments, the same showed a nucleosomal repeat pattern for both uninfected

5% St fatseid ok s bR T : S
. 7. Electron micrographs of denatured MVMi and SV40 DNA after psoralen cross-linking of MV
SV40 chromosomes. (a) MVMi DNA with molecules either mostly double stranded (shown by arrows) with single-stranded bubbles or wholly

single stranded (shown by the arrow head). (b) SV40 DNA.
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FIG. 8. Histogram of the sizes of single-stranded DNA bubbles
in cross-linked MVMi RF DNA. DNA contour lengths were mea-
sured with a Hewlett-Packard digitizer (Hewlett-Packard Co., Palo
Alto, Calif.) on photographic prints. The data were plotted by
computer, using a class size of 20 nucleotides, and were fitted with
a Gaussian distribution as described by Koller et al. (16). The length
standard was the single-stranded MVMi DNA present in the prep-
aration. For comparison, the mean size of the bubbles in the SV40
DNA (160 nucleotides; Sogo et al., J. Mol. Biol., in press) is
indicated by an arrow.

and infected nuclei, with DNA accumulating in the
nucleosomal monomer band on increasing nuclease diges-
tion. Removal of the previously hybridized MVMi DNA
apparently was incomplete, since the bands corresponding
to the MVMi single-stranded and replicative form DNAs
were still visible, though much fainter, in Fig. 6c.

Psoralen cross-linking of the DNA in MVMi nucleoprotein
complexes. When double-helical DNA is irradiated with UV
light in the presence of trimethylpsoralen, the DNA strands
become cross-linked. The frequency of cross-links, under
the conditions we used, is such that the DNA still appears
uniformly double-stranded when prepared for electron mi-
croscopy under denaturing conditions (27). The presence of
nucleosomes on the DNA interferes with either psoralen
binding or the cross-linking reaction, so that the pattern of
cross-linking of DNA in chromatin reflects the distribution of
nucleosomes along the DNA, with the cross-links occurring
in the internucleosomal spaces (27 and references therein).

We extracted MVMi nucleoprotein complexes as shown in
Fig. 1, cross-linked the DNA with 4,5’ 8-trimethylpsoralen,
and examined the distribution of cross-links in the purified
DNA by electron microscopy under denaturing conditions.
The cellular chromatin from the same preparations and
extracted SV40 chromosomes (29) were treated in parallel as
controls.

In the sample from MVMi infected cells (Fig. 7a), both
single- and double-stranded DNAs were seen, representing,
we assume, the virion form and RF DNAs known to be
present in the extract. Denatured loops (bubbles) were
present in the double-stranded DNA, confirming that there
were indeed proteins on the DNA in the extracted MVMi
nucleoprotein complexes. The sizes of the bubbles (Fig. 8)
followed a narrow distribution somewhat skewed in the
direction of longer bubbles. Using the single-stranded DNA
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of MVMi (5,081 nucleotides [26]), as an internal length
standard, the mean length of the bubbles was 90 = 29
nucleotides. At the upper end of the distribution, there were
bubbles as long as 400 nucleotides. The larger bubbles did
not seem to be at unique sites along the DNA, nor was the
spacing between bubbles always uniform. On the other
hand, the bubbles in the SV40 control sample (Fig. 7b) had
an average length of 160 + 35 nucleotides, which is consist-
ent with the known nucleosomal structure of the SV40
chromosome (a detailed analysis of psoralen cross-linking of
SV40 chromosomes is being published separately: Sogo et
al., in press). The cross-linked chromosomal DNA from the
EL-4 cells also showed the regularly spaced single-stranded
bubbles characteristic of chromatin, as expected (data not
shown). We conclude that the cross-linking pattern observed
with MVMi nucleoprotein complexes differs from that ob-
served with DNA from chromatin. In some samples of
cross-linked MVMi DNA, double-stranded molecules held
in a circular structure were observed. These may correspond
to the circular structures noted by Bratosin et al. (7); we
have not yet investigated them further.

DISCUSSION

We detected two forms of MVMi nucleoprotein complex
in extracts of nuclei of infected cells. Neither of them
apparently had a structure like that of the bulk of cellular
chromatin, as judged by several criteria. The sedimentation
coefficient of the faster-sedimenting complex (about 110S) is
that of MVM virions (35). It contained single-stranded
MVMi DNA and the viral capsid proteins. The single-
stranded DNA was fairly resistant to staphylococcal nucle-
ase. We conclude that the 110S complex contained mature
and possible immature MVMi virions. Another form of
MVMi DNA (band X) was also detected in complexes
sedimenting at 110S. This DNA was not present in purified
mature MVMi virions, it migrated on electrophoresis be-
tween the single-stranded virion DNA and RF DNA, and
after heating it migrated as the virion DNA. Band X DNA is
unlikely to be double-stranded RF DNA containing a repli-
cation fork because this structure, being larger, is expected
to migrate more slowly than RF on electrophoresis. Band X
DNA could represent virion DNA held by base-pairing in a
secondary structure (which could be associated with imma-
ture virus particles) or possibly a dimer of virion DNA held
together by intermolecular base-pairing at the palindromic
DNA ends. Nevertheless, the 110S nucleoprotein complexes
(in contrast to those sedimenting at 40S) did not incorporate
labeled deoxynucleoside triphosphate into DNA in vitro.

The nucleoprotein complexes with a sedimentation coef-
ficient of 40S contained the double-stranded MVMi RF
DNA. That this DNA was indeed associated with proteins is
indicated by the following: the sedimentation coefficient was
greater than that of purified MVMi RF DNA, which is 15S;
the DNA was partially protected against cross-linking by
psoralen; and when the 40S material from a sucrose gradient
was rebanded in an isopycnic gradient of metrizamide, it had
the density of a nucleoprotein complex, not of bare DNA
(data not shown). The relatively narrow size distribution of
the DNA bubbles protected against psoralen suggests a
repeated subunit structure.

The MVMi nucleoprotein complexes were sometimes
contaminated with fragments of cellular chromatin. This was
not simply a result of the chromatin extraction methods,
since fragmented host cellular DNA was also seen when
MVMi DNA was extracted directly from infected cells with
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sodium dodecyl sulfate (data not shown). Evidence of frag-
mentation of cellular chromatin can be seen in Fig. 6¢ in the
first track (the zero time point for staphylococcal nuclease)
from infected cells, which already shows a nucleosomal
DNA repeat pattern. This is not seen in the sample from the
uninfected control cells. Thus infection by MVMi leads to
fragmentation of cellular chromatin. When a nuclear extract
containing both the MVMi nucleoprotein complexes and
fragments of cellular chromatin was analyzed by sucrose
gradient velocity centrifugation and agarose gel electropho-
resis, neither of the viral complexes sedimented at the same
rate as did cellular chromatin with DNA of the length of
MVMi DNA (Fig. 5).

To examine the proteins associated with MVMi DNA, we
selected an extract which was not detectably contaminated
with fragments of celluar chromatin, sedimenting in the same
region of the gradient as the MVMi nucleoprotein com-
plexes. Under these conditions, we did not detect histones
cosedimenting with the viral complexes. In fact, the major
proteins in the peak of nucleoprotein sedimenting at 110S
were the viral capsid proteins. It is still quite possible that
each MVMi RF DNA molecule associated with a small
amount of histone (not enough for us to detect) to form an
irregular or unfolded structure. It is also possible that a small
proportion of the intracellular MVMi DNA associated with
histones to form regular chromatin, but the majority, appar-
ently, did not. MVM virions are known not to contain
histones (32). Identification of the proteins specifically asso-
ciated with MVMi RF DNA proved difficult because of the
number of host cell proteins which sedimented to the same
position in sucrose gradients. Nevertheless we could readily
detect the capsid proteins VP-1 and VP-2 in the 40S peak.
The cosedimentation does not prove that the capsid proteins
are associated with the replicating complexes, but it would
be at least consistent with the notion (33) that these proteins
associate with newly synthesized progeny DNA strands.
The MVM-coded nonstructural proteins, NS-1 and NS-2
(10), may well bind to intracellular viral DNA; this possibil-
ity can be studied when antibodies to the proteins are
available.

When digested with staphylococcal nuclease, the intra-
nuclear MVMi RF DNA, detected specifically by hybridiza-
tion with an MVMi DNA probe, was degraded but did not
form a nucleosomal DNA repeat pattern, nor did it accumu-
late quantitatively as the relatively nuclease-resistant nucle-
osome monomer. When, as an internal control, the DNA on
the same filter was subsequently hybridized with a cellular
DNA probe, the nucleosomal pattern was evident, showing
that the methods used did not destroy nucleosomes. The
intranuclear MVMi single-stranded DNA, in contrast, was
degraded only very slowly by staphylococcal nuclease, even
though this enzyme digests purified single-stranded DNA
more rapidly than double-stranded DNA. We interpret this
result as indicating that most of the intranuclear single-
stranded DNA was within viral particles.

Ben-Asher et al. (4) have studied the intracellular organi-
zation of MVMp DNA in A9 cells. Like us, they detected
two types of nucleoprotein complex, one sedimenting at
110S and the other sedimenting at 50S. On the basis of
electron microscopy and the observation of histones in the
110S peak, they proposed that the 110S peak contained both
MVM minichromosomes and virions. The 50S peak was
suggested to comprise defective particles containing short
DNA fragments. Our results do not support this interpreta-
tion. We observed a clear peak of MVMi RF DNA in the
fraction sedimenting at 40S. Moreover, the 40S nucleopro-
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tein complexes were able to incorporate labeled deoxynu-
cleoside triphosphates into RF-sized DNA molecules in
vitro, indicating that MVMi replicating intermediates sedi-
mented at this position. It is not clear why our observations
differ from those of Ben-Asher et al. (4). Although different
cell and virus strains were used for most of the experiments,
we found the sedimentation properties and staphylococcal
nuclease digestion pattern of nucleoprotein complexes from
MVMp-infected A9 cells to be similar to those we describe
here for MVMi. An important difference may be in the
methods used for extraction of the nucleoprotein complexes.
Ben-Asher et al. (4) extracted the complexes at 37°C in the
presence of Mg?*. These conditions favor the action of
deoxyribonucleases, which could explain both their obser-
vation that the DNA in the more slowly sedimenting com-
plex behaved as short pieces in an alkaline sucrose gradient
and the observation of histones, presumably from frag-
mented cellular chromatin, in the sucrose gradient fractions
containing the 110S complex. In fact, the kinetics of labeling
of the two complexes (4) (the [*H]thymidine was incorpo-
rated first into the more slowly sedimenting complex and
only later appeared in the 110S complex) support our view
that the 40S complex contains the replicating DNA.

Why does intracellular MVMi DNA not form a regular
chromatin structure? Since the viral DNA replicates in cells
in the S phase (31; reviewed in reference 5), histones are
presumably being synthesized. Two explanations, not mutu-
ally exclusive, occur to us. First, pulse-chase experiments
(34) show that MVM RF DNA is an active intermediate in
the viral lytic cycle, generating single-stranded progeny
DNA. In addition, since the MVM RF DNA is presumably
the template for transcription (3), a major portion of the
intracellular MVMi RF DNA may be involved in the pro-
cesses of transcription and replication. There is evidence to
suggest that actively transcribed genes are not in a normal
chromatin structure. For example, the nucleosomal repeat
pattern of the Drosophila hsp70 gene disappears when
transcription of the gene is induced (36). At the same time,
the coding region of the gene becomes depleted of histones
(15). MVMi RF DNA could represent actively transcribed
DNA of this type.

Second, the MVMi RF is, at least for the most part, a short
linear DNA molecule. The topological state of DNA may
play a role in regulating chomatin structure. When linear or
circular SV40 DNA is incubated in nuclei of Xenopus
oocytes, the circular DNA is reconstituted into chromatin
containing regularly spaced nucleosomes, whereas the linear
DNA is not (23). Our observation that MYMi RF DNA did
not form a regular chromatin structure may also indicate that
in the infected mouse cells, chromatin can be assembled
properly only on DNA that is able to be supercoiled.
Whether this topological requirement for chromatin assem-
bly is general, however, remains unclear. The intranuclear
DNA of the parvovirus adeno-associated virus (AAV) was
reported not to give a nucleosomal repeat pattern after
staphylococcal nuclease digestion (8). However, in another
study (21), partial nuclease digestion did reveal protected
DNA fragments similar to those of nucleosomes. The fact
that AAV DNA integrates into the host chromosomes (9)
complicates interpretation of the results with AAV. The
linear genome of adenovirus itself (11) and that of herpes
simplex virus (19) are found predominantly in structures
other than nucleosomes during the late phase of viral repli-
cation. A fraction of the parental adenovirus DNA on the
other hand, in the early phase of infection, apparently does
form a nucleosome-like structure (30).
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