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A Moloney murine leukemia virus-derived retroviral vector (N4) carrying the bacterial neomycin resistance
gene (neo) was used to study the chromatin configuration of integrated proviral DNA in NIH 3T3-derived cell
lines containing one copy of the vector DNA per cell. Three independently obtained cell lines were examined.
In two of these cell lines, the vector was introduced by viral infection, while in the third the construct was
introduced by DNA transfection. Such transfected cell lines (including the one examined) usually express 10-
to 50-fold less virus-specific RNA than do cell lines obtained by viral infection. All three cell lines exhibited
similar patterns of DNase I-hypersensitive (HS) sites. Two strong DNase I HS sites were detected in the 5' long
terminal repeat, which contains signals required for proper and efficient initiation of viral transcription. One
of these sites was found to overlap the viral enhancer sequences, while the other site mapped very close to the
start site for viral transcription. A third HS site was detected in nearby internal viral sequences. Only one HS
site was found in the 3' long terminal repeat, which contains the signal(s) required for proper addition of a
poly(A) tail to viral transcripts. This HS site was located in the region of the viral enhancer. Several weak
DNase I HS sites were also found in the cellular sequences adjacent to the integration sites, at different locations
in each cell line analyzed. No common pattern of cellular DNase I HS sites was found. These observations
suggest that (i) the 5' and 3' long terminal repeats of integrated retroviral proviruses exhibit different
chromatin conformations, possibly reflecting the different functions encoded by the otherwise identical
sequences, and (ii) the DNase I HS sites detected in these studies reflect only a potential for transcription and
are not a reflection of the high transcriptional activity characteristic of retroviruses.

Numerous studies have demonstrated that active genes
are contained in a chromatin conformation that is different
from that of inactive genes (for reviews, see references 12,
28, and 48). One reflection of the structural differences
between active and inactive chromatin is a differential sen-
sitivity to digestion by DNase I. Genes that are actively
being transcribed reside in a region of chromatin that is more
sensitive to DNase I digestion than is bulk chromatin (14,
46). In addition, chromatin containing active or potentially
active genes has been shown to possess short stretches (50 to
400 base pairs [bp] of DNA) that exhibit an even greater
sensitivity to DNase I (11, 49). While these DNase I-

hypersensitive (HS) sites have been found 3' to or even
within the body of certain genes (5, 35, 40), they are most
often detected at the 5' end of active genes (5, 23, 29, 35, 40,
47, 50). In many cases, the presence of DNase I HS sites in
the 5' region of active genes has been correlated with the
expression of those genes (5, 29, 35, 47, 50), and in several
instances DNase I HS sites have been found in or near
sequences shown to be important in regulating the expres-
sion of ajacent genes (4, 32, 51). Although the precise nature
of DNase I HS sites is unknown, the fact that regions of
chromatin containing DNase I HS sites have occasionally
also been shown to be sensitive to digestion by other
nucleases (25, 29, 41) suggests that these regions of chroma-
tin are in a particularly "relaxed" or "open" conformation.
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Retroviruses provide a useful system for studying eucary-
otic gene expression. As part of its replication cycle (re-
viewed in reference 45), the RNA genome of a retrovirus is
reverse transcribed to produce a DNA copy which becomes
stably integrated into the host chromosomal DNA of the host
cell. Although DNA sequencing and restriction enzyme
analysis have failed to provide evidence for site-specific
integration (2, 18, 36), it remains possible that retroviruses
integrate preferentially into active chromatin regions. Be-
cause of the unique mechanism of retroviral reverse tran-
scription, the provirus contains a long sequence that is
repeated at each end (long terminal repeats [LTRs]). Viral
RNA transcription initiates in the 5' LTR and terminates in
the 3' LTR (reviewed in reference 8). Thus the retroviral
provirus represents a complete transcription unit containing
two identical sequences which encode different functions.
This fact, coupled with the fact that retroviruses are capable
of integrating at a large number of sites in the chromosomal
DNA of the host cell, makes the retrovirus-infected cell an
interesting system for studying the chromatin structure of an
actively transcribed set of genes. Several investigators have
detected DNase I HS sites in the 5' or 3' LTRs of integrated
retroviral proviruses (7, 9, 16, 33, 43, 44). In some of these
studies, the presence of these HS sites has been correlated
with the activity of the corresponding proviruses (7, 9, 16).

In these studies, a retrovirus-derived vector (N4) carrying
the bacterial neo gene was introduced into NIH 3T3 cells by
either DNA transfection or retroviral infection, and the
presence of DNase I HS sites within the LTRs was investi-
gated by using the technique of indirect end labeling (49).
Cell lines containing one copy of the vector DNA per cell
were analyzed and high-resolution DNase I mapping was
achieved. Several questions were addressed: (i) do cellular
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sequences at the proviral integration site have a character-
istic chromatin configuration; (ii) do the functionally distinct
5' and 3' LTRs have similar or different chromatin configu-
rations; and (iii) are differences in the transcriptional activity
of individual viral templates reflected in the chromatin
configuration of the 5' LTRs?
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MATERIALS AND METHODS

Cells. TX-1 is a line of NIH 3T3 cells transfected with the
recombinant retroviral vector N4. IF-1 and IF-2 are two
independently derived cell lines obtained by infection of
NIH 3T3 cells with N4 virus. All cells were grown in
Dulbecco modified Eagle medium containing 10% fetal bo-
vine serum.

Isolation of nuclei. Cells were trypsinized, washed three
times with lx SSCP (0.15 M NaCl, 0.015 M cacodylic acid,
pH 7.2), and lysed in lx SSCP containing 0.25% Nonidet
P-40. Nuclei were pelleted and then washed once with lx
SSCP.
DNase I digestions. Nuclei were suspended in DNase I

digestion buffer {10 mM PIPES [piperazine-N,N'-bis(2-
ethanesulfonic acid)], pH 7.0, 0.17 M KCI, 11% sucrose, 3
mM MgCl2} at 10 A260 units per ml. DNase I (Sigma
Chemical Co.) was added to various concentrations, and the
reactions were incubated at 37°C for 25 min. The reactions
were terminated by the addition of EDTA to 20 mM,
proteinase K to 100 ,ug/ml, and sodium dodecyl sulfate to
0.5%. The samples were incubated at 37°C overnight and
then subjected to three phenol-chloroform extractions fol-
lowed by two chloroform extractions. RNase A was added
to 10 ,ug/ml and the samples were incubated at 37°C for 45
min. High-molecular-weight DNA was purified by two phe-
nol-chloroform extractions, one chloroform extraction, and
ethanol precipitation.

Gel electrophoresis and Southern blot hybridization. High-
molecular-weight DNA was digested by appropriate restric-
tion endonucleases, fractionated on agarose gels, and then
transferred to nitrocellulose filters as described by Southern
(38). Uniformly labeled 32p probes were prepared by nick
translation (34). Blots were prehybridized for several hours
at 42°C in 50% formamide-5x SSPE, 5x Denhardt solution
(10)-100 ,ug of denatured salmon sperm DNA per ml. Hy-
bridizations were carried out overnight at 42°C in a fresh
aliquot of the same solution containing 32P-labeled probe at a
concentration of 106 cpm/ml. Blots were washed several
times with 2x SSC (SSC = 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% sodium dodecyl sulfate at room tem-
perature, once with the same solution at 68°C, and once or
twice with 0.2x SSC-0.1% sodium dodecyl sulfate at 68°C.
Autoradiography was carried out at -80°C with one inten-
sifying screen.

Isolation of cytoplasmic RNA and Northern blot hybridiza-
tion. Cells were lysed with 10 mM Tris (pH 7.5)-10 mM
NaCI-3 mM MgCl2-0.5% Nonidet P-40. The concentration
ofNaCl was adjusted to 0.2 M, and nuclei were pelleted. The
supernatant was extracted twice with equal volumes of
phenol-chloroform-isoamyl alcohol (1:1:0.02) and RNA was
ethanol precipitated. Poly(A)+ mRNA was purified by
oligo(dT)-cellulose chromatography (1), fractionated on
formaldehyde-agarose gels (26), and subsequently trans-
ferred to nitrocellulose membranes as described by Thomas
(42). Prehybridizations, hybridizations, and washings were
performed as described above for Southern blot hybridiza-
tion.
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FIG. 1. Structure of M-MuLV-derived vector N4 and DNase I
mapping strategy. The genomic organization of M-MuLV is shown
at the top (for review, see reference 8). In N4, most of the
M-MuLV-coding sequences have been replaced with the bacterial
neo gene. The 5' M-MuLV-derived portion of N4 includes an LTR
and approximately 350 bp of adjacent downstream sequences. Thus
the vector retains the 5' donor splice site (5'sp) and the viral
packaging signal (O). The 3' M-MuLV-derived portion of N4 in-
cludes an LTR and 190 bp of adjacent upstream sequences. The
NcoI site of the neo gene was used as the reference restriction site
for all mapping experiments. The 0.6-kb EcoRI-NcoI fragment of
the neo insert was used as a hybridization probe to detect HS sites
in and around the 5' LTR. The 0.9-kb NcoI-EcoRI fragment of the
neo insert was used to detect HS sites in the region of the 3' LTR.
Hybridizing size markers were generated by digesting N4 DNA with
NcoI plus one of several other restriction enzymes. The positions in
the N4 provirus of these restriction sites are indicated. In cases
where more than one recognition site for a given restriction enzyme
occurs in the provirus, only that fragment which is recognized by
either the 5'- or the 3'-specific probe is included in the set of
fragments drawn under that probe. Abbreviations: N, NheI; R,
EcoRV; X, XbaI; S, Sacl; K, KpnI; P, PvuI; E, EcoRI.

RESULTS

Figure 1 shows the structure of the Moloney murine
leukemia virus (M-MuLV)-derived vector (N4) used in these
studies. In this vector, most of the internal M-MuLV se-
quences have been removed and have been replaced by the
bacterial neo gene derived from TnS (22). The structures of
similar vectors carrying the neo gene (37) and other select-
able genes (3, 27, 30, 31) were previously reported.
N4 DNA was used to transfect NIH 3T3 cells or was first

converted to virus (by transfection followed by infection
with wild-type helper M-MuLV [19]) and then used to infect
the same cells. Cells harboring the N4 DNA and expressing
the neo gene were selected with G418, and independent
colonies were expanded to cell lines. Several cell lines
obtained by transfection (TX) or infection (IF) were ana-
lyzed for the intactness and number of copies per cell of
vector DNA. Figure 2 shows a DNA blot analysis of three
cell lines: TX-1, which was obtained by DNA transfection,
and IF-1 and IF-2, which were obtained by infection. All
three cell lines were found to contain one intact copy of the
vector DNA per cell.
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DNase I HS sites were mapped by the indirect end-
labeling method of Wu et al. (49). In this procedure, nuclei
are digested lightly with DNase I, and then high-molecular-
weight DNA is isolated and redigested with a "reference"
restriction enzyme chosen so that the region containing the
putative HS site(s) lies close to, but does not itself contain,
a recognition site of that restriction enzyme. When a South-
ern blot containing such doubly digested DNA is hybridized
with a short probe prepared from DNA sequences lying very
close to the reference restriction site, subbands may appear.
Each subband is defined on one side by a DNase I-generated
double-stranded cut in the chromosomal DNA and on the
other side by the reference restriction site. Thus, the size of
a DNase I-generated subband can be used to estimate the
distance between the reference restriction site and the
DNase I HS site.
The mapping strategy used in these studies is illustrated in

Fig. 1. NcoI, which cuts near the middle of the 3.3-kilobase
(kb) N4 recombinant provirus (within the neo gene) was
chosen as the reference restriction enzyme for the mapping
of DNase I HS sites in both the 5' and 3' LTRs. A 0.6-kb
DNA fragment prepared from sequences lying immediately
upstream from the NcoI site was used as a hybridization
probe to map DNase I HS sites in the 5' portion of the
provirus. HS sites in the 3' portion of the provirus were
detected with a 0.9-kb probe prepared from sequences
immediately downstream from the NcoI site. Since both
probes consist entirely of neo sequences, they do not cross-
hybridize with helper M-MuLV or with endogenous retrovi-
ral sequences; i.e., they are specific for the newly introduced
N4 provirus. To facilitate determining the location of DNase
I HS sites within the N4 provirus, a set of size markers was
generated (Fig. 1). Each marker was prepared by digesting
N4 plasmid DNA with NcoI (the reference restriction en-
zyme) and then with a second restriction enzyme that cuts in
the region of the 5' or 3' LTR or both. The marker DNAs
were electrophoresed and transferred to nitrocellulose in
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FIG. 2. Southern blot analysis of DNA in cells transfected or
infected with vector N4. Cell line TX-1 was derived from transfec-
tion of NIH 3T3 cells with plasmid N4. Cell lines IF-1and IF-2 were
derived from infection of NIH 3T3 cells with N4 virus. Cellular
DNA was digested with BamHI, which has no recognition site
within N4, and hybridized with a 32P-labeled neo-specific probe to
determine the number of copies per cell of the newly introduced
vector DNA. Cellular DNA and N4 plasmid DNA were digested
with KpnI and hybridized with a 32P-labeled neo-specific probe to
confirm the intactness of the integrated vector DNA. KpnI has two
recognition sites within the LTRs, as shown in Fig. 1.

parallel with the NcoI DNase I-digested genomic DNAs, and
the resulting blots were hybridized with either the 5'- or the
3'-specific probe. The position of a particular NcoI DNase I
subband relative to the marker bands allowed for the map-
ping of that DNase I HS site relative to the marker restric-
tion sites.
Mapping DNase I HS sites in the 5' and 3' LTRs of cells

infected with N4 virus. Nuclei prepared from two indepen-
dently derived N4-infected cell lines, IF-1 and IF-2, were
incubated with various concentrations of DNase I. High-
molecular-weight DNA was purified, cleaved with NcoI, and
electrophoresed on agarose gels. Several size markers (de-
scribed in the legend to Fig. 1) were run in parallel. The
DNA was transferred to nitrocellulose and the resulting blot
was hybridized with the 0.6-kb 5'-specific probe described in
the legend to Fig. 1. The results of this analysis are shown in
Fig. 3 (top). The major band in the first few lanes of each cell
line corresponds to a DNA fragment defined on its 3' side by
the NcoI site of the N4 neo gene and on its 5' side by an NcoI
site in flanking cellular DNA. That this fragment is approx-
imately the same size in IF-1 and IF-2 suggests that in each
cell line the provirus has by chance integrated approximately
the same distance downstream from a cellular NcoI site
(evidence that they are two independent integration events
will be presented shortly). As expected, the intensity of this
band decreases as the concentration of DNase I increases
(except for the 1.6-,ug/ml lane of IF-1, where less DNA was
loaded onto the gel). Several lanes in Fig. 3 contain bands of
higher molecular weight than the major NcoI fragment. The
origin of these bands is unclear and may represent cellular
cross-hybridizing sequences or partially single-stranded
DNA molecules, since they are predominant after digestion
with DNase I. Several DNase I-generated subbands were
also detected in both cell lines. Cell line IF-1 yielded two
prominent subbands which began to appear at DNase I
concentrations of about 0.4 or 0.8 ,ug/ml and became most
visible at a DNase I concentration of 3.2 ,ug/ml (Fig. 3, top,
HSI and HSII). At a DNase I concentration of 6.4 ,ug/ml, the
slower migrating of these two subbands had almost disap-
peared, while the faster-migrating subband remained. A
third subband began to appear at approximately 3.2 ,ug of
DNase I per ml and became most visible at about 6.4 ,ug/ml
(HSIII). According to the size markers described in the
legend to Fig. 1, HS site I lies in the 5' LTR between the
NheI site and the XbaI site (overlapping the EcoRV site), HS
site II maps near the Sacl site of the 5' LTR, and HS site III
lies between the KpnI site of the 5' LTR and a downstream
PvuI site. The results for cell line IF-2 (Fig. 3, top) were very
similar to those obtained for cell line IF-1, except that the
DNase I concentrations at which each HS site was detected
were slightly different. These differences may be real or,
more probably, they may merely reflect experimental varia-
tions encountered when DNase I digestions are performed
on different preparations of nuclei.

Figure 3 (bottom) shows the mapping of DNase I HS sites
in the 3' LTRs of the two N4-infected cell lines, using the
0.9-kb probe shown in Fig. 1. The major band in the first
several lanes of each cell line corresponds to a DNA
fragment defined on its 5' end by the NcoI site in the neo
gene and on its 3' end by an Ncol site in the downstream
cellular sequences. That the mobility of this band was
different for IF-1 and IF-2 (unlike in Fig. 3, top) confirms that
the two cell lines were derived from independent integration
events. Upon limited digestion with DNase I, a major HS
site (HSIV) was detected in both IF-1 and IF-2. According to
the size markers described in the legend to Fig. 1, this site
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FIG. 3. Detection of DNase I HS sites in the 5' and 3' portions of N4 in infected cells. IF-1 and IF-2 nuclei were digested with increasing
concentrations of DNase I (O to 2.56 ,ug/ml, as indicated). High-moleuclar-weight DNA was purified, digested with NcoI, and subjected to
Southern blot hybridization analysis, using either the 5'- or the 3'-specific probe described in the legend to Fig. 1. Hybridizing size markers
(also detected in the legend to Fig. 1) were run in parallel and length (base pairs) is indicated. (Top) DNase I HS sites in and around the 5'
LTR of N4. Several DNase I-generated subbands (HSI, HSII, HSIII) were detected in the 5' portion of the vector in each cell line. Cell line
IF-2 contains an additional DNase I-generated subband (HS cell), located in upstream cellular sequences. (Bottom) DNase I HS sites in and
around the 3' LTR region of N4. A single DNase I-generated subband (HSIV) was detected in each cell line. In addition, several downstream
cellular HS sites (HS cell) were observed (at different positions for each cell line).

maps within the 3' LTR, between the NheI and XbaI
restriction sites.

It should be noted that, in addition to the provirus-
containing HS sites described above, each cell line yielded
additional DNase I-generated subbands (denoted HS-cell in
Fig. 3). These subbands represent cellular DNase I HS sites
occurring just outside the proviruses, at different positions
for each cell line.
HS sites in the 5' and 3' LTR regions of N4 in transfected

cells. It has been demonstrated by our laboratory (19) and by
others (31) that retroviral constructs are more efficiently
expressed when they are introduced into cells by viral
infection as compared to calcium phosphate-mediated DNA
transfection. Figure 4 shows Northern blot analysis of cyto-
plasmic poly(A)+ RNA prepared from cell lines that have
been either infected (IF-1 and IF-2) or transfected (TX-1)
with the retroviral construct N4. The infected cell lines
clearly contain 5- to 10-fold more vector-specific RNA than
does the transfected cell line. To determine whether the
reduced transcriptional activity of the transfected DNA is
manifested at the level of chromatin configuration, the
DNase I sensitivity of the 5' and 3' LTRs was determined
and compared with that of cell lines IF-1 and IF-2. For this
analysis, a higher percentage agarose gel was used and
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FIG. 4. Cytoplasmic RNA in cell lines obtained either by infec-
tion or transfection with retroviral vector N4. Cytoplasmic poly(A)+
RNA isolated from infected cell lines IF-1 and IF-2 and from
transfected cell line TX-1 was fractionated on a 1% agarose form-
aldehyde gel, transferred to nitrocellulose, and hybridized with a
32P-labeled neo-specific probe. rRNA was run in parallel for size
comparison. The mobilities of 28S (5 kb) and 18S (2 kb) rRNA are
indicated.
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separation time was extended in an effort to increase the
accuracy with which a particular HS site could be mapped.
All major DNase I HS sites in the 5' and 3' LTRs of the three
proviruses tested (two present in infected cells, and one
present in transfected cells) map at a similar position (Fig. 5),
within an accuracy of 20 to 50 bp. None of the DNase I HS
sites found in the 5' and 3' regions was detected in the
corresponding regions when purified IF-I DNA was sub-
jected to similar analysis (data not shown).

Figure 6 shows the location of the DNase I HS sites in the
5' and 3' LTRs, as determined from the experiments shown
in Fig. 3 and 5. Two DNase I HS sites are present in the 5'
LTR. One site, HSI, is present downstream from an NheI
restriction site and overlaps a nearby EcoRV site. Therefore,
HSI maps within a region containing a repeated sequence
shown previously to contain enhancer activity (21, 24). A
second DNase I HS site (HSII) detected within the 5' LTR
coincides with a Sacl restriction site. This SacI site abuts the
"TATA" box present 32 nucleotides upstream from the
transcription initiation site. Thus it appears that HSII maps
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FIG. 5. Direct comparison of the DNase I HS sites in the 5' and
3' LTR regions ofN4 in cell lines IF-1, IF-2, and TX-1. For each cell
line, nuclei were digested with the two concentrations of DNase I
that were shown previously to give the best visualization of DNase
I HS sites. High-molecular-weight DNA was isolated, cut with
NcoI, and subjected to Southern blot hybridization analysis, using
either the 5'- or the 3'-specific probe described in the legend to Fig.
1. Hybridizing size markers (also described in the legend to Fig. 1)
were run in paralled and length (in base pairs) is indicated.
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FIG. 6. Summary of DNase I HS sites in the 5' and 3' LTR
regions of vector N4 in infected and transfected cell lines. The
positions of marker restriction sites are indicated. Also indicated are
the locations of the viral enhancer sequences, "CAAT" sequences,
TATA box, cap site, poly(A) addition signal, 5' donor splice site (5'
sp), and packaging signal ('1). DNase I HS sites are represented by
boxes. Abbreviations: N, NheI; R, EcoRV; X, XbaI; S, Sacl; K,
KpnI; P, PvuI.

close to the TATA box region, perhaps covering the start
site for transcription as well. A third, weaker DNase I HS
site (HSIII) is present outside the LTR in downstream viral
sequences, upstream from a PvuI restriction site. Thus this
HS site is located quite close to the viral donor splice site, in
a region also containing the viral packaging signal (27). A
single major DNase I HS site (HSIV) was detected in the 3'
LTR, mapping between the NheI and XbaI restriction sites.
Like HSI in the 5' LTR, HSIV also coincides with the viral
enhancer sequences. Although these experiments do not
permit firm conclusions as to whether HS sites I and IV span
identical portions of the 5' and 3' LTRs, respectively, it can
at least be said that the 5' border of HSIV does not appear to
extend any further upstream of the enhancer sequences than
does the 5' border of HSI, as was previously suggested (43).

DISCUSSION

In these studies, the technique of indirect end labeling to
map DNase I HS sites was used to probe the chromatin
structure of an M-MuLV-derived recombinant retrovirus
vector. One question which these studies have addressed is
whether the different functions encoded by the 5' and 3'
LTRs of a single provirus are accompanied by distinct
chromatin configurations. If so, this would suggest that a
particular chromatin structure is of functional significance.
Analysis of two cell lines harboring one integrated provirus
per cell revealed that two DNase I HS sites are present in the
5' LTR and a third site is present in adjacent downstream
viral sequences. The HS sites in the 5' LTR overlap the viral
enhancer sequences (HSI) and the start site for transcription
(HSII). A single HS site (HSIV) was detected in the 3' LTR.
Like HSI in the 5' LTR, HSIV coincides with the enhancer
sequences. The presence in the 5' LTR of an HS site (HSII)
overlapping the 5' cap site and its absence in the 3' LTR
suggest that the chromatin configuration associated with this
HS site is relevant to the process of initiation of transcrip-
tion.
A similar pattern of DNase I HS sites in the 5' and 3'

regions of wild-type M-MuLV proviruses has been described
recently (43). In the present studies, a recombinant retroviral
vector (N4) was used to examine M-MuLV chromatin struc-
ture. This approach has several advantages over the use of
wild-type M-MuLV. First, because N4 carries a selectable
marker (i.e., the bacterial neo gene), cell lines containing a
single integrated provirus per cell are easily obtained. There-
fore, all of the DNase I HS sites detected in a given cell line
can be attributed to an individual provirus. In contrast,
because most cell lines infected with wild-type retroviruses
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harbor several copies of the viral genome, the pattern of
DNase I HS sites found in a wild-type M-MuLV-infected cell
line must be considered an average for all of the proviruses
within that cell line (43). Another advantage of using recom-
binant retroviral vector N4 is that it contains DNA se-
quences (i.e., the neo gene) not found in retroviral or host
cell DNA which can therefore be used as a vector-specific
hybridization probe. Finally, since the length of the entire
N4 provirus is only approximately 3.3 kb, the NcoI site used
as a reference for DNase I HS mapping (Fig. 1) is quite close
to the border of each LTR (i.e., -950 bp from the 3' border
of the upstream LTR and -1,100 bp from the 5' border of the
downstream LTR). Therefore, DNase I-induced cleavage in
the LTRs generates subfragments whose sizes can be deter-
mined with considerable accuracy.
The use of a recombinant retroviral vector to study the

chromatin structure of M-MuLV proviruses also has poten-
tial disadvantages. In particular, it is possible that internal
viral sequences may also play an essential role in retroviral
gene expression, for example, by encoding an enhancerlike
function (as is the case in the expression of immunoglobulin
genes) or by conferring increased stability to viral tran-
scripts. Obviously, a DNase I HS site associated with such
a function could be missed by using retroviral vectors such
as N4.

In an M-MuLV-infected cell containing one to several
proviruses, about 1% of the total poly(A)+ cytoplasmic RNA
is of viral origin (8). An important objective of these studies
was to determine whether this high transcriptional activity of
the M-MuLV genome is associated with a specific chromatin
configuration. We took advantage of a previous observation
that M-MuLV LTR-directed transcription is more efficient
when the retroviral genome is introduced into cells by viral
infection compared with DNA transfection (19). Indeed, the
transcriptional activity of the N4 provirus is 5- to 10-fold
higher in infected cells than in cells transfected with the N4
plasmid DNA (Fig. 4). The pattern of DNase I HS sites in the
transfected cell line is indistinguishable from that of the two
cell lines obtained by infection with the corresponding virus
(Fig. 3 and 5). Thus, the difference in the transcriptional
activity between the two identical DNA templates is not
associated with an observable difference in chromatin con-
figuration. A similar pattern of DNase I HS sites was found
in the LTRs of M-MuLV, the replication-competent parent
virus from which the N4 vector was derived (43). These
findings are consistent with the observation that genes
expressed at different levels exhibit the same degree of
overall DNase I sensitivity (6, 15). When considered along
with the observations that DNase I sensitivity sometimes
precedes the activation of certain genes (5, 39), and remains
after the turning off of certain other genes (17), our findings
support the argument that overall DNase I sensitivity as well
as the appearance of distinct HS sites reflects only a predis-
position for gene activity. It is possible, however, that
changes in chromatin configuration are involved in mediating
the level of gene expression, but that these changes are not
reflected by differences in DNase I sensitivity. Consistent
with this possibility is the recent observation that differences
in the levels of mRNA that accumulated after activation of
four Drosophila heat shock genes were correlated with the
relative sensitivities of those genes to cleavage by
MPE.Fe(II), a reagent apparently able to detect more subtle
changes in chromatin structure than is the much larger and
more sterically hindered DNase I molecule (6).
Although integration of retroviruses into the host cell

chromosome does not show any specificity at the nucleotide

level or as determined by restriction enzyme analysis (2, 18,
36), it is thought that retroviruses might integrate preferen-
tially into regions of open chromatin (perhaps nearby strong
cellular enhancers), accounting for the strong transcriptional
activity of the viral genome (13, 20). One question addressed
in these studies was whether the cellular sequences adjacent
to the proviral integration site are contained in a specific
chromatin configuration that can be detected by the presence
of discrete DNase I HS sites. Several weak DNase I HS sites
are present in the cellular sequences adjacent to the proviral
integration sites of the infected cell lines IF-1 and IF-2, but
not in the transfected cell line TX-1 (Fig. 3). However, no
common cellular DNase HS sites were found upstream or
downstream from the integrated proviruses. Although this
analysis did not reveal the existence of a chromatin config-
uration unique to the proviral integration site, a general
conclusion cannot be drawn from these observations be-
cause only 1 to 3 kbp of cellular sequences were examined
and, as described above, some features of chromatin struc-
ture may not be reflected in DNase I hypersensitivity.
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