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We have studied the interaction of a chimeric construct containing an origin of replication (from bovine papilloma virus) and a 
hormonally regulated transcription unit (long terminal repeat from the mouse mammary tumor virus, driving the v-Ha-ras gene) 
with the nuclear scaffold and matrix from mouse fibroblasts. We used two experimental approaches because the nuclear matrix 
protein composition depends largely on the isolation conditions, making its definition mostly operational. In situ studies and in 
vitro experiments performed in 1361.5 cells, a cell line in which multiple copies of the construct have been established, indicate 
that two interesting regions of the construct interact with the nuclear matrix. The first region is located in the v-Ha-ras gene 
5'-flanking sequences. These sequences come from the Harvey virus and contain a piece of the virus like 30S (VL30) sequences 
in which the v-Ha-ras gene is embedded. This DNA fragment was coupled to the thymidine kinase (TK) promoter driving the 
reporter luciferase gene and assayed in transient transfection experiments. Its insertion, in the sense orientation, upstream of the 
TK promoter resulted in a moderate enhancement (2-3-fold) of the luciferase activity. The second region is the most interesting 
from a physiological point of view. It contains the plasmid maintenance sequence 1 (PMS-1) and the core origin of replication of 
the bovine papilloma virus. Differences in the results from in situ (nuclear scaffold) and in vitro (nuclear matrix) experiments 
suggest that the components involved in the interaction with PMS-1 and the viral origin of replication are different. This may be 
of importance in the context of the recently proposed view that PMS-1 could be part of a composite origin of replication and 
provide information at a distance. 

Introduction 

The compaction of long eukaryotic DNA in the 
nuclei is achieved through its organization into chro- 
matin fiber. In addition, cytological and molecular 
studies suggest a structural subdivision of eukaryotic 
D N A  into topologically defined domains forming loops 
[1-4]. Loop formation is thought to result from the 
anchorage of the chromatin fiber to an internal nuclear 
structure, termed nuclear 'matrix' ,  'scaffold', 'skeleton' ,  
or 'cage' ,  depending on the authors. The nuclear ma- 
trix is a proteinaceous nuclear substructure that can be 
isolated by sequential t reatment  of nuclei with non- 
ionic detergents, nucleases, and high-salt concentra- 
tions [5-8], or by low salt extraction [9]. 
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A role for the nuclear matrix in dynamic processes, 
such as chromatin organization (for a review see Ref. 
10), DNA replication [11-14], gene transcription [15- 
17], or RNA processing [18] is increasingly proposed. 
The nuclear matrix may influence these processes ei- 
ther by increasing local concentrations of available 
regulatory factors and enzymes, or through the looping 
mechanism, generating topologically constrained do- 
mains, or both. Nuclear matrix may ensure the struc- 
tural compartmentalization of the nuclei and provide 
the surface necessary for the organization of multienzy- 
matic complexes involved in gene expression [19]. 

DNA sequences that exhibit specific interactions 
with the nuclear matrix (MARs) and scaffold (SARs) 
have been identified within defined genes (Refs. 
8,9,11,19,21 and 22 for a review). They most frequently 
map next to regions containing sequences functioning 
in vivo as transcriptional enhancers or at the bound- 
aries of active chromatin domains, suggesting that such 
an interaction may delineate both structural and func- 
tional domains. M A R s / S A R s  display characteristic 
features; they are AT rich sequences from 300 to 
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approx. 1000 bp in length and usually contain several 
consensus sequences for Drosophila topoisomerase II 
[9,20,22]. In addition other type of sequences, mostly 
present within transcriptionnaly active domains have 
also been described [23,24]. Furthermore,  it has been 
pointed out that different methods of analysis detect a 
somewhat different spectrum of matrix-attached DNA 
fragments [25,26]. The protein composition of the nu- 
clear matrix is complex and varies considerably de- 
pending on the isolation procedure. Topoisomerase II, 
which plays a critical role at the end of DNA replica- 
tion in chromosome segregation, has been identified as 
a major component of the metaphase chromosomal 
scaffold [27-29]. More recently, two proteins able to 
generate in vitro looping of the DNA, RAP-1 [30] and 
ARBP [31] have been purified on the basis of their 
affinity for MARs/SARs.  

The chromatin structure of the glucocorticoid- 
regulated mouse mammary tumor virus long terminal 
repeat (MMTV LTR) promoter  has been described 
previously [32]. Studies were performed in cell lines 
containing permanently established DNA chimeric 
constructs comprising a hormonally regulated tran- 
scription unit (MMTV LTR driving the v-Ha-ras re- 
porter gene) linked to the 69% bovine papilloma virus 
(BPV) transforming region, used as a eukaryotic vector 
[33]. In these cell lines the chimeric constructs fraction- 
ate with the active chromatin, whether the hormone is 
present or not (H. Richard-Foy, unpublished observa- 
tion), suggesting that it has an active or 'poised' chro- 
matin structure [34] and that one or several regions of 
the construct may interact with the nuclear matrix. 

In the work reported here we have used one of 
these cell lines (1361.5), which has 200 copies of the 
chimeric construct tandemly integrated in the genome 
to investigate the interaction with the nuclear scaffold 
and matrix of regions of the chimera implicated in 
dynamic processes such as transcription or replication. 
In order to minimize effects of the method of analysis 
two approaches have been used: in situ experiments on 
'stabilized' nuclei and in vitro studies. One DNA frag- 
ment, which does not display a typical S A R / M A R  
structure, located in the construct immediately up- 

stream of the v-Ha-ras coding sequences, was found to 
interact with both nuclear scaffold and matrix and its 
role on transcription was therefore assayed in transient 
tranfection experiments. 

Materials and Methods 

Tissue culture and transfections 
Two cell lines were used in this work: NIH-3T3 and 

1361.5 (NIH-3T3 cells transformed by transfection with 
the chimeric construct pM23 (Fig. 2B) in which the 
PBR322 sequences were deleted). This construct con- 
tains the 69% transforming fragment of the BPV1 
genome and the mouse mammary virus long terminal 
repeat (MMTV LTR) driving the v-Ha-ras gene [33]. 
Cells were maintained in Dulbecco's modified Eagle's 
medium supplemented with 10% fetal calf serum. For 
transfection experiments, NIH-3T3 cells were plated to 
a density of 5 .105 cells/10 cm dish. Medium was 
changed 3 h before transfection. Each dish was trans- 
fected with: 2-5 p,g of the plasmid to be tested, 5/zg of 
control plasmid (pCHll0) ,  and total DNA adjusted to 
20 ~g with plasmid pSP72. DNA samples were mixed 
and coprecipitated with calcium phosphate according 
to standard procedure [35]. 16 h after transfection, 
plates were rinsed twice with DMEM without serum, 
and the medium was changed. Cells were collected 24 
h later. Each construct was assayed in at least three 
independent transfections. 

Luciferase and [3-galactosidase assays 
Cell extracts for luciferase and /3-galactosidase as- 

says were prepared according to Van Trung Nguyen et 
al. [36] with the modifications previously described [37]. 
Luciferase and /3-galactosidase activities were mea- 
sured as previously described [37]. To correct for dif- 
ferences in transfection efficiencies, the luciferase data 
were normalized to the /3-galactosidase data in each 
individual sample. Normalized results are expressed in 
arbitrary units and represent the ratio luciferase activ- 
ity (RLU (integration time 30 s, 50 /~1 sample))//3- 
galactosidase activity (A420  (reaction time 2 h, 200 /zl 
sample)). 

Fig. 1. In situ interaction of the chimeric construct with the nuclear scaffolds in 1361.5 cells. A map of the chimeric construct established in 
1361.5 cells is presented on top left (see Materials and Methods). Genetic elements  are indicated inside the circle (HMSV, sequences from 
Harvey murine sarcoma virus; p21, sequences coding for the v-Ha-ras protein; Tn9CAT, part of the Tn9 transposon containing chloramphenicol 
acetyl transferase coding sequences; SV40, part of SV40, containing a splice and a polyadenylation site; BPV, 69% transforming fragment of the 
bovine papilloma virus; PBR, PBR322; INS is the extraneous 1.2 kb DNA fragment acquired by the construct). The arrows on the circle mark 
HaeIIl cutting sites. The regions labelled A, B and C correspond to the probes used in the experiments presented in panels A, B and C, 
respectively. Probe A spans from EcoRI to HindIII (positions 7946 to 11045), probe B fron BamHl to EcoRI (positions 4342 to 7946) and probe 
C from Clal to XbaI (positions 374 to 2953). Nuclei from 1361.5 cells were first extracted with the indicated concentrations of LIS, and then the 
DNA was cleaved with Haelll. After purification 10/~g of each DNA sample was loaded on triplicate gels. The DNA fragments, released (S) or 
remaining attached to the nuclear matrix (P), were identified by Southern blotting. M: size marker. T: untreated total 1361.5 cellular DNA cut 
with Haelll. C1, C2 and C3 show total nuclear DNA from the following controls: CI, nuclei untreated with LIS and digested with HaellI; C2, 
nuclei treated at 37°C; C3, nuclei treated with 25 mM LIS. Panel A: probe A; panel B: probe B; panel C: probe C. DNA fragments interacting 

with the nuclear scaffolds are marked with an arrow and shown by bold lines on the map. 
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Plasmid construction 
Plasmid pTKFluc contains the reporter gene lu- 

ciferase under the control of the thymidine kinase (TK) 
promoter: plasmid pBLCAT2 [38] was cut first with 
XhoI, then recut with NdeI after filling the Xhol 
protruding-end with Klenow. The NdeI/XhoI  frag- 
ment (185 to 601 of pBLCAT2), containing the TK 
promoter, was isolated and inserted into plasmid 
plucDSS (luciferase gene) [37] between the HindIII 
(filled with Klenow) and NdeI sites. Plasmid pVlucl 
was ob ta ined  by insert ion of the end-f i l led 
BamHI/SmaI  fragment from the Harvey murine sar- 
coma virus (410 to 1011 of HMSV) in the sense orien- 
tation upstream of the luciferase gene in plasmid 
plucDSS. Constructs pTKVLIucl  and pTKVLIuc2 are 
plasmid pTKFluc with the BamHI/SmaI  fragment 
from HMSV inserted in both orientations upstream of 
the TK promoter. The BamHI/SmaI  fragment (end- 
filled at BamHI) was inserted at the SmaI site in 
pSP72, generating plasmid pSVL. The BamHI/BglII  
fragment of this plasmid (containing the HMSV frag- 
ment and a piece of the flanking polylinker from pSP72) 
was inserted at the BamHI site of plasmid pTKFluc in 
sense and anti-sense orientations, generating plasmid 
pTKVLlucl and pTKVLluc2, respectively. Plasmid 
pTKVLIuc3 was obtained by insertion of the 
NdeI/XhoI  fragment from pBLCAT2 into pVLlucl 
between sites NdeI and Xhol. It contains the 
BamHI/SmaI  fragment of HMSV inserted between 
the TK promoter and the luciferase gene in the sense 
orientations. 

Chimeric DNA construct/nuclear scaffold interaction: 
in situ studies 

Nuclei and nuclear scaffolds preparation. Procedures 
were according to Ref. 9 with the following modifica- 
tions: l0 s nuclei were homogenized in 12 ml of lysis 
buffer (3.5 mM Tris-HC1, 20 mM KC1, pH 7.4, 0.05 
mM spermine, 0.125 mM spermidine, 0.5 mM EDTA, 
I% thioglycerol, 0.1% digitonin, 100 K I U / m l  aprotinin 
and (I.1 mM phenylmethylsulfonylfluoride). Ten A2~,0 
units of nuclei were resuspended in 100/zl of the same 
buffer without EDTA and the nuclei were 'stabilized' 
[9] by incubation with 0.5 mM CuSO 4 for 10 rain. at 
4°C. Histone depleted nuclei (nuclear scaffolds) were 
obtained by extraction of the nuclei with various con- 
centrations of 3,5-diiodosalicylic acid, lithium salt (LIS), 
as indicated in the Results section. Nuclear extraction 
by LIS was monitored using both light and electron 
microscopy (data not shown). 

In situ digestion of the nuclear scaffolds DNA with 
HaelH. Nuclear scaffolds were washed with digestion 
buffer (5 mM Hepes, 0.25 mM spermidine, 0.125 mM 
spermine, 20 mM KC1, 70 mM NaCI, 10 mM MgCI 2, 
0.1% digitonin and 100 K I U / m l  aprotinin), recovered 
by centrifugation and resuspended into 4 ml of the 

same buffer. They were incubated, under mild shaking, 
with 2000 units of HaeIII for 3 h at 37°C. At the end of 
the treatment the DNA released from the nuclear 
scaffolds was separated from the DNA associated with 
it by centrifugation. The DNAs from both fractions 
were purified and the construct fragments generated 
by the HaeIII digestion were identified by Southern 
blotting [39], after electrophoresis on agarose gels of 
the DNA samples (10 /zg/lane),  using the probes de- 
picted in Fig. 1. 

Chimeric DNA construct/nuclear matrix interaction: in 
t,itro studies 

Nuclei preparation, nuclear matrix isolation, and 
assays of DNA binding to nuclear matrix were per- 
formed as previously described [40]. 

Characterization of the chimeric DNA constructs in cell 
line 1361.5 

While this work was in progress, discrepancies be- 
tween cutting patterns of the chimeric constructs and 
the published map were noticed. We undertook a 
complete mapping of the constructs established in cell 
line 1361.5. Preliminary studies revealed (1) the pres- 
ence of approx. 200 copies/cell  of the construct, as 
previously described for this type of cell lines [33], and 
(2) the insertion of a DNA fragment in the BPV 
region, between BamHl and EcoRI sites. The size of 
the inserted fragment and the precise position of the 
insertion were determined by submitting total 1361.5 
cellular DNA to double digestions with BamHI and 
enzymes cutting at increasing distances from this site. 
The resulting fragments were visualized using a BPV 
probe extending from BamHI to AvaI (positions 4451 
to 3408 of BPV). The results show that more than 95% 
of these copies are identical and contain a 1.2 kb DNA 
fragment, of unknown origin, inserted between posi- 
tions 2818 (Bgll) and 2522 (SspI) of BPV (respectively 
positions 6047 and 6340 of pM23). Digestion of total 
cellular DNA, with enzymes that do not cut the con- 
struct or cut it once, indicates that the rearranged 
copies are tandemly integrated in the host genome in 
contrast to previously published data [41]. Hirth extrac- 
tion of episomal DNA confirmed this observation. Thc 
integration of the construct in the host genome results 
probably from the interruption of ORF E2 or E1 (or 
both) by the insertion of the 1.2 kb fragment [42,43]. 
Fig. 1 presents the structure of the rearranged con- 
struct. It is drawn as a circle, since the break point of 
the original construct is not precisely known. 

Results 

Chimeric DNA interaction with the nuclear scaffolds: in 
situ studies 

Binding of the chimeric construct to the nuclear 
scaffold has been investigated in situ. The nuclear 



proteins were extracted from CuSO 4'stabilized nuclei' 
with increasing concentrations of LIS, and the DNA 
was digested with HaelII  (Fig. 1). DNA fragments 
associated with the nuclear scaffold or released in the 
supernatant were separated by centrifugation. The pu- 
rified DNA fragments were characterized by Southern 
blotting after hybridization with probes A, B and C 
depicted in Fig. 1. A, B and C are autoradiograms of 
the blots hybridized with probes A, B and C, respec- 
tively. Without LIS extraction (lanes C1) HaelII  cleav- 
age was undetectable and all the DNA was is in the 
pellet fraction (not shown). Treatment with 10 mM LIS 
allowed only a partial cut of the DNA as indicated by 
the presence in the pellet fraction (P lanes) of large 
DNA fragments. Very low or undetectable amounts of 
DNA fragments were present in the supernatant frac- 
tion (S lanes). Complete cut of the DNA with HaelII  
was achieved only with LIS concentrations > 25 mM. 
Panel A shows an experiment in which probe A was 
used to visualize fragments located between positions 
7916 and 11 136 of the construct. Two of the fragments 
(717 and 978 bp), marked by arrows, were less easily 
released into the supernatant than the other frag- 
ments; a substantial amount remained associated with 
the pellet fraction after a 50 mM LIS treatment. These 
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two fragments, marked in bold on the map, encompass 
the non-coding upstream regulatory region (URR) of 
the BPV. Panel B shows an experiment in which probe 
B was used to visualize fragments located between 
positions 3226 and 8256 of the construct. Comparison 
of the amounts of the fragments in the supernatant and 
pellet fractions, upon extraction with increasing con- 
centrations of LIS, clearly shows the retention in the 
matrix fraction of a approx. 2 kb fragment. This frag- 
ment contains sequences from Tn9CAT, SV40 and 
BPV. Panel C presents an experiment in which probe 
C was used to visualize fragments located between 
positions 11336 and 3139 of the construct. The auto- 
radiogram shows that a substantial amount of the 757 
bp fragment, marked by an arrow, remained in the 
pellet fraction after extraction with 50 mM LIS, sug- 
gesting its interaction with the nuclear matrix. This 
fragment contains 3'-end sequences from the MMTV 
LTR and v-Ha-ras leader sequences from HMSV. 

From the results presented in panels A and C it 
cannot be concluded that pellet fractions isolated after 
a 50 mM LIS extraction are enriched in DNA frag- 
ments hybridizing with probes A and C, respectively, 
since the intensity of the bands marked with arrows is 
lower than that of the control total DNA (lanes T). 
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Fig. 2. In vitro binding of the different regions of pM23 to the nuclear matrix from 1361.5 cells. (A) Autoradiogram of a gel showing the 
distribution of the fragments in the pellet and the supernatant  fractions. A constant  amount  of nuclear matrix (corresponding to 5.107 nuclei) 
was incubated with increasing amounts  of the end-labeled DNA fragments (resulting from the digestion of pM23 with AvaI, BamHI and 
Hindlll) in the presence of 15 /xg of competitor E. coli DNA. The fragments not (or less) released into the supernatant  are marked with an 
arrow. The letters refer to the fragments presented in B. (B) Map of plasmid pM23. The circled letters indicate the cutting sites used to generate 
the fragment  mixture used in panel A (A, AvaI; B, BamHI; H, HindlII). The genetic elements  of the construct are indicated inside the circle 
and their labelling is according to Fig. 1. Bold letters indicate the fragments and bold lines highlight fragments interacting with the nuclear 

matrix. 
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However, the corresponding lanes in panel B show two 
bands of the same size range, which are exclusively 
found in the S fraction. We therefore conclude that the 
presence in the P fraction of the bands marked with 
arrows in panels A and C results from an interaction of 
the corresponding DNA fragments with the nuclear 
scaffolds. The lack of enrichment results probably from 
the interaction with the nuclear scaffold of only a 
fraction of the DNA fragments population. All to- 
gether, the results presented in Fig. 1 indicate the 
binding of three regions of the construct to the nuclear 
scaffolds. 

Chimeric D N A  interaction with the nuclear matrix: in 

L, itro studies 

An in vitro investigation was performed to get more 
information on the regions of the chimeric construct 
which may interact with the nuclear matrix. 

In a first experiment (Fig. 2), a constant amount of 
nuclear matrices isolated from 1361.5 cells was incu- 
bated, in the presence of a constant amount of non- 
specific E. coli competitor DNA, with the indicated 
amounts of a mixture of end-labeled fragments (gener- 
ated by the digestion of plasmid pM23 with At~aI, 

BamH1 and HindII I  (Fig. 2B)). DNA fragments at- 
tached to the nuclear matrix (Fig. 2A, 'pel let '  lanes) 
were separated from the free D N A  fragments (Fig. 2A, 
' supernatant '  lanes) by centrifugation. Bands corre- 
sponding to fragments F, B, C and D were exclusively 
present in the pellet fraction whatever the amount of 
plasmid pM23 DNA used in the experiment was. This 
demonstrates the interactions of these 4 fragments 
with the nuclear matrix. In addition, fragment I was 
present in the supernatant fraction to a lesser extent 
than the majority of the other bands. This suggests that 
fragment I also binds to the nuclear matrix. The com- 
plete absence of fragments F, B, C and D in the 
supernatant,  for all the amounts of cleaved pM23 used 
in the experiment, implies that the nuclear matrix 
binding sites are high capacity binding sites. The reten- 
tion, in the pellet fraction, of a limited number  of 
fragments from the mixture demonstrates the existence 
of a selective binding by the nuclear matrix. 

In a second experiment the end-labeled D N A  frag- 
ments were incubated with nuclear matrices from ei- 
ther 1361.5 or NIH-3T3 cells, in the presence of in- 
creasing amounts of sonicated E. c o l  DNA (non- 
specific competitor), and the DNA fragments associ- 
ated with the pellet fraction analyzed. Results pre- 
sented in Fig. 3 confirm that among all D N A  frag- 
ments, fragments I, F and B display the strongest 
interaction with the nuclear matrix in the presence of 
high amounts of non-specific DNA competitor (60 
~ g / t u b e ,  a 30000-fold excess). The binding of frag- 
ment I was bet ter  visualized here than in the previous 
experiment, and it is clear that fragment B binds more 
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Fig. 3. In vitro comparative binding of the different regions of pM23 
to nuclear matrices from 1361.5 and NIH-3T3 cells. A constant 
amount (2 ng) of the end-labeled fragment mixture resulting from 
the digestion of pM23 with A~al, BamHI, and HindlII (see Fig. 2B) 
was incubated with nuclear matrices from either 1361.5 or NIH-3T3 
cells (equivalent to 5.10 7 nuclei), in the presence of the indicated 
amounts of competitor E. coli DNA. The figure shows the auto- 
radiogram of the gel on which have been fractionated the DNAs 
present in the pellet fraction. The arrows mark the fragments requir- 
ing the greatest amounts of E. coli DNA to be displaced. Fragments 
are labeled according to Fig. 2B. Lane 1 shows the input fragments. 

strongly than does either I or F. The similar patterns 
obtained with nuclear matrices from the two cell lines 
indicate that the binding of the fragments is not a 
consequence of the transformation of NIH-3T3 ceils by 
BPV (which might result in the neo-synthesis of viral or 
cellular proteins associated with the nuclear matrix). 

Studies on the interactions of fragment I and vari- 
ous of its sub fragments with the nuclear matrix from 
1361.5 cells have been reported elsewhere [40]. Here 
we have investigated the interaction with the nuclear 
matrix of the regions located immediately upstream 
and downstream of the sequences coding for the v-Ha- 
ras protein. 

Fig. 4 shows the results of an experiment in which a 
fragment spanning from B a m H I  to HindI I I  (fragments 
B, C and D in Fig. 2B) was incubated with nuclear 
matrices from 1361.5 cells in the presence of increasing 
amounts of E. coli competitor DNA. A PBR322 frag- 
ment that does not bind the nuclear matrix (fragment 
J, Fig. 2B) was added to the mixture and used as an 
internal negative control. For amounts of E. coli com- 
petitor DNA > 20 /~g / tube ,  the retention of fragment 
J (PBR322) in the pellet fraction was abolished while 
there was very little change in the binding of fragment 
'B-C-D'.  A quantitation of the data from the auto- 
radiogram is presented in Fig. 4C. It demonstrates the 
strong binding of fragment 'B-C-D'  to nuclear matrices 
when assayed in vitro. This fragment was further cut 
with A c c l  (see map on Fig. 4B), and the two resulting 
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Fig. 4. In vitro binding of the 'B-C-D' region of pM23 to the nuclear 
matrix from 1361.5 cells. Constant amount of the fragment to be 
assayed (BamHl to HindllI), along with a PBR322 fragment (frag- 
ment J, Fig. 2A), used as an internal negative control, (0.5 ng each) 
were incubated with nuclear matrices from 1361.5 cells (equivalent to 
5.106 nuclei) in the presence of the indicated amounts of competitor 
E. coli DNA. A shows the autoradiogram of a gel on which the DNA 
fragments from the pellet and supernatant fractions were analyzed. 
Lane I shows the input fragments. The assayed fragment is labeled 
'B-C-D' and its map is shown in B. C shows a quantitation of the 

data presented in A. 

fragments were assayed for their binding to the nuclear 
matrix (data not shown). They were found to interact 
equally well, suggesting that the binding of the 
BamHI/HindlII fragment to the nuclear matrix may 
result from multiple contact points, with one or several 
proteins. 

Fig. 5 presents the results of an experiment in which 
the interaction of fragment F with the nuclear matrix 
was investigated. Panel A shows the autoradiogram 
and panel B a quantitation of the data. They indicate 
that the full length F fragment spanning from HindlII 
to BamHI (labeled F1491) binds more tightly to the 
nuclear matrix than does the PBR322 fragment (J) 
used as a negative control. It also confirms that inter- 
action of the nuclear matrix with fragment F is weaker 
than with fragment B (compare Fig. 4C and 5B). 

Fig. 6 shows the results of an experiment in which 
the interaction of F sub-fragments with the nuclear 
matrix was investigated. Panel A presents the map of 
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Fig. 5. In vitro binding of the 'F '  region of pM23 to the nuclear 
matrix from 1361.5 cells. Experimental conditions are identical to 
those described in Fig. 4 and presentation of the results is the same. 
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Fig. 6. In vitro binding of DNA fragments covering the 'F '  region of 
pM23 to the nuclear matrix from 1361.5 cells. A is a schematic map 
of the studied region. (B) Autoradiogram of a gel showing the 
distribution of the fragments in the pellet and the supernatant 
fractions. A constant amount of nuclear matrix (corresponding to 
2.107 nuclei) was incubated with increasing amounts of the end- 
labeled DNA fragments (resulting from the digestion of fragment F 
with BanI and StyI) in the presence of 40 p,g of competitor E. coli 
DNA. The numbers refer to the size of the fragments presented in 
A. (C) Densitometric scan of the lanes corresponding to 5 ng of 
fragments: ( ) supernatant, ( - - - - - - )  pellet. The absorbance 
scales have been normalized in order to superimpose the two 

profiles. 
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the fragments. Panel B shows the results of an experi- 
ment in which a constant amount of nuclear matrices 
was incubated with increasing amounts of a mixture of 
the labelled fragments, in the presence of 40 ~ g / t u b e  
of non-specific E. coli competitor DNA. This experi- 
ment demonstrates a strong retention of the 165 bp 
Sty l /BanI  fragment in the pellet fraction. The other 
three fragments are substantially released in the super- 
natant fraction although their distribution between pel- 
let and supernatant varies slightly. This is visible on 
panel C that shows a densitometric scan of the two 
lanes of the autoradiogram corresponding to an incu- 
bation with 5 ng of labelled fragments: there is more of 
the 369 bp fragment in the pellet fraction while more 
of the 410 bp fragment is found in the supernatant. 

All along, these in vitro studies demonstrate the 
interaction of three regions of the construct with the 
nuclear matrix. These regions overlap the region shown 
to interact with the nuclear matrix in the in situ experi- 
ments. 

Functional studies 
When assayed in vitro, the region of pM23, contain- 

ing fragments B, C and D displayed the strongest 
binding to the nuclear matrix and an overlapping frag- 
ment was found to interact with the nuclear matrix in 
in situ experiments. The main structural features of 
this region are depicted in Fig. 8a. It contains a region 
that comes from the HMSV which displays 98% of 
homology with rat genome repetitive sequences termed 
'ID'  sequences [44]. Since it is located immediately 
upstream of coding sequences, we have investigated its 
effects on the expression of the reporter gene lu- 
ciferase, driven by the TK promoter, in transient trans- 
fections experiments. A DNA fragment spanning from 
BamHl to SmaI (fragments B + C  in Fig. 2B) was 
inserted either upstream of the TK promoter or be- 
tween the promoter  and the reporter  gene (its natural 
occurrence in the viral genome). The region spanning 
fragment D, which contains ras gene leader sequences 
and the ATG was omitted in these constructs because 
it may interfere in the expression assay. The results of 
the experiments are presented in Fig. 7. The insertion 
of this fragment, in the sense orientation, upstream of 
the TK promoter (pTKVLlucl)  increased significantly 
the luciferase activity, when compared to a construct 
containing only the TK promoter driving the luciferase 
gene (pTKFluc). In contrast, its insertion in the sense 
orientation between the TK promoter and the lu- 
ciferase gene (pTKVLIuc3) had no significant effect. 
The ID sequences present within fragment 'B-C' can 
be transcribed by RNA polymerase III [45] and can act 
as a positive regulator of RNA polymerase I1 genes in 
the cells in which they are highly transcribed [46]. In 
addition, the involvement of repetitive DNA sequences 
in nuclear matrix attachment has been described in 

cons t ruc t  

pTKF luc I TK l[ LUC 

pTK VL lucl ~ TK II LUC 

pTK VL luc 3 ~ LUC 

pVL luc 1 ~ LUC 
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192+21 (n=6) 16 

157 ±23(n =3) 1 3 

21+2(n=3)  0 17 

62 ± 1.3 (n = 3) 0.05 

Fig. 7. Transient  transfection of NIH-3T3 cells with recombinant 
DNA constructs, containing the 'B-C' region of pM23 coupled to a 
heterologous promoter. Schematic maps of the constructs are pre- 
sented in the left column. TK is the thymidine kinase promoter and 
LUC the luciferase reporter gene. The "B-C' region of pM23 is 
indicated by the hatched arrow whose direction indicates the orienta- 
tion of the insert in the construct. Luciferase activities, corrected for 
transfection efficiencies, are expressed in arbitrary units (see Materi- 
als and Methods) and are the mean of the values obtained from 

three to six independent  transfections. 

other systems [47]. RNA synthesis from such a pro- 
moter or from promoters located within this fragment 
was tested: a plasmid containing the luciferase gene 
with the 'B-C' fragment inserted upstream of it, in the 
sense orientation (pVLlucl), was assayed. Luciferase 
activity was much lower than for the control pTKFluc, 
indicating that such a promoter within the 'B-C' region 
of the construct does not significantly contribute to the 
activity of the TK promoter in plasmid pTKVLIucl.  In 
addition, since the enhancement of the TK promoter 
activity is not observed when the fragment is inserted 
downstream of it, a positive regulator effect of ID 
sequences on polymerase II activity seems unlikely in 
these experiments. The establishment of the constructs 
in permanent cell lines will allow to assess the signifi- 
cance of the results presented here. 

Discussion 

In this paper we report studies on the interaction 
with the nuclear matrix and scaffold of a chimeric 
DNA construct containing a hormonally regulated 
transcription unit (MMTV LTR driving v-Ha-ras) 
linked to the 69% transforming fragment of the BPV 
genome. These studies were performed in cell line 
1361.5 that contains 200 copies/cell  of the above de- 
scribed construct, tandemly integrated. Two ap- 
proaches were used: low-salt chromatin extraction of 
'stabilized' nuclei (LIS extraction) [9] followed by an in 
situ cleavage of the nuclear scaffold DNA with HaelII ,  
and in vitro interaction of nuclear matrices prepared 
from 1361.5 and NIH-3T3 cells using a high salt extrac- 
tion procedure [20], with end-labeled DNA fragments 
covering all the construct. We used two experimental 
procedures because the nuclear matrix protein compo- 
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sition depends largely on the isolation conditions, mak- 
ing its definition mostly operational. It is therefore 
possible, that different methods of analysis detect 
somewhat a different spectrum of matrix-attached DNA 
fragments [25]. The low-salt LIS extraction procedure, 
used here for in situ experiments, involves a nuclei 
'stabilization' step achieved either by heat treatment or 
addition of Cu 2+ [9]. This stabilization process, that 
allows strong interactions between components of the 
nuclei, is still poorly understood and may lead to 
protein oxidation resulting in a change of their binding 
properties. The high salt nuclear matrix preparation 
[20], used here for the in vitro studies, do not involve 
such a 'stabilization' of the nuclei. As a consequence 
untreated nuclei may, during the salt extraction, re- 
lease some of the proteins that are retained in the 
nuclear matrix fraction upon 'stabilization'. In addition 
non-specific trapping of protein complexes in the ma- 
trix fraction, resulting of the high salt extraction, has 
been described [9,48]. Furthermore, in vitro studies 
that allow to vary the DNA/matrix stoichiometry may 
result in a better visualization of their interaction. 

The two types of experiments demonstrate the bind- 
ing of three regions of the chimeric construct, present 
in 1361.5 cells, to the nuclear matrix. However, there 
are differences in the strength of interaction and, at 
least for one region, in their boundaries. Results are 
summarized in Fig. 8. For each region features charac- 
teristic of SAR/MAR sequences are shown: the % AT 
is plotted on top of the panel and vertical arrows point 
out the topoisomerase II consensus. A description of 
the region is presented underneath the map and the 
fragments interacting with the nuclear matrix in each 
type of experiment are marked. 

The region of the construct described in panel a 
encompasses fragments B, C and D (see Fig. 2B). It 
contains approx. 300 bp of the 3'-end of MMTV LTR 
and approx. 700 bp of HMSV v-Ha-ras leader se- 
quences. This region does not show a typical 
SAR/MAR structure [49]. It contains clusters of AT 
rich regions, but only a few scattered Topoisomerase II 
consensus sequences. The in vitro studies demon- 
strated a strong binding of the BamHI/HindIII HMSV 
fragment and the absence of MMTV LTR binding to 
nuclear matrices from both 1361.5 and NIH-3T3 cells. 
The strong in vitro interaction of the HMSV fragment 
with the nuclear matrix contrasts with its behavior in in 
situ studies. The HaeIII/HaeIII fragment is clearly 
retained in the pellet fraction, but significant amounts 
are released in the supernatant fraction for LIS con- 
centrations above 25 mM, suggesting a much weaker 
interaction. This may result from differences in matrix 
composition, as previously mentioned. A non-specific 
trapping of proteins, due to the high-salt extraction 
procedure, may contribute to the strong matrix/HMSV 
fragment interaction observed in vitro. Conversely, the 

relatively low percentage of the fragment bound to the 
nuclear scaffolds in the in situ experiments may result 
from an alteration of the binding properties of some 
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Fig. 8 . Comparison of the three regions of the construct pM23 
interacting with the nuclear matrix. Panels a, b, and c present  regions 
encompassing fragments B-C-D, F, and l (depicted in Fig. 2B), 
respectively. The graph on top of each panel shows the% AT 
through a 20 bp window. Numbers  underneath  refer to the number-  
ing of pM23D (Fig. 2B). A map of each region is presented under  
the graph. The fragments retained in the nuclear matrix fraction in 
the in situ studies are figured in bold and the fragments interacting 
in vitro with high-salt nuclear matrices are figured hatched. The 
letters on top are the restriction enzyme cutting sites (A, AL,aI; Ac, 
AccI; Ap, ApaL]; B, BamHl; Bn, Banl; H, HaelI]; Hi, Hind]lI; Sy, 
StyI). For each region the genetic elements  are figured. Closed boxes 
are T A T A  boxes, closed circles are binding sites for the BPV E2 
transactivator, closed triangles mark a direct repeat, dashed lines 
indicate splice sites, small horizontal lines with an arrow are RNA 
start sites, vertical arrows on top of the line indicate topoisomerase 
II consensus sequences (70% homology with drosophila consensus 
sequence), and pA is a polyadenylation signal. Bold lines ending with 
an arrow, at the bottom of each panel, indicate open reading frames. 
On panel a, the grey areas are regions homologous to viral GAG 
leader sequences,  ID sequences and exon -1 from c-Ha-ras. On panel 
b, the region spanning from position 4500 to 5509 (HaeIII site) has 

been cut. 
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proteins during the 'stabilization' step. It may also 
result from the involvement, in a dynamic process, of 
only a fraction of the construct population at the time. 
Transient transfection studies indicated that this region 
is able to moderately enhance the TK promoter  activ- 
ity, when located upstream of it in the sense orienta- 
tion. 

Panel b shows the region of the construct encom- 
passing fragment F (see Fig. 2B), which is located 
downstream of the v-Ha-ras coding region. It contains 
sequences from Tn9CAT, SV40 (splice and polyadeny- 
lation sites), and BPV (end of the early region and 
beginning of the late region). This region is moderately 
AT rich, except for the SV40 sequences, and contains a 
few scattered topoisomerase II consensus sequences. 
In situ digestion of nuclear scaffolds demonstrate the 
strong interaction with the nuclear matrix of a large 2.2 
kb HaelII/HaelII fragment. The BPV sequences pre- 
sent within this fragment (HaellI/BamHl region) do 
not contribute significantly to the interaction. Similar 
experiments performed using ID13 ceils (a transformed 
clone of the C127 mouse cell line carrying approx. 150 
copies per cell of wild-type BPV [50]) failed to detect 
any binding to the nuclear scaffolds of the BPV frag- 
ment spanning this region (data not shown). The large 
size of this HaelII/HaellI fragment, may contribute to 
its preferential retention in the pellet fraction, but 
cannot completely account for it since, in experiments 
in which a partial digestion of the construct occurred, 
fragments over 2 kb were found mostly in the super- 
natant fraction, while smaller ones were detected ex- 
clusively in the pellet fraction (data not shown). In 
vitro studies demonstrate the binding of a 165 bp 
fragment, located within the Tn9CAT region which 
overlaps the 5'-end of the HaelII/HaelII fragment 
suggesting that the region interacting with the nuclear 
matrix is contained within the HaelII/BanI1 region. 
The biological significance of the binding of bacterial 
Tn9CAT sequences to eukaryotic nuclear matrices re- 
mains under question. 

Panel c presents the third region involved in the 
interaction with nuclear matrices. It encompasses frag- 
ment I (see Fig. 2B). Interestingly this region contains 
the BPV upstream regulatory region (URR). In this 
region are located the PMS-1 region [51] (responsible 
of plasmid state maintenance of the virus), the viral 
origin of replication [52], two promoters [53] and an 
enhancer transactivated by the viral E2 protein [54,55]. 
Its structure resembles a M A R / S A R  structure, with 
clusters of AT rich regions (up to approx. 100% around 
position 9700 of the construct) and clusters of topoiso- 
merase II consensus sequences. The in situ experi- 
ments show the binding to the nuclear matrix of two 
contiguous HaelII/HaelII fragments. These two frag- 
ments show an identical behavior, upon treatment of 
the nuclei with increasing concentrations of LIS, with 

only approx. 10% of the amount of each fragment 
remaining associated with the nuclear matrix at the 
highest LIS concentration used. This may be due to the 
involvement of a limited number of viral origins of 
replication at the time in the replication process (as 
described for the virus in ID13 cells [47]). The in vitro 
experiments presented here and a more detailed analy- 
sis previously reported [40] allow to localize the region 
interacting with high-salt nuclear matrices within a 
fragment spanning from ApaLI to HindlII. This frag- 
ment contains the BPV PMS-1 region and superim- 
poses almost exactly with one of the two HaelII/HaelII 
fragments binding to the nuclear matrix in the in situ 
experiments. It is adjacent to the other HaelII/HaelII 
fragment that contains the viral origin of replication 
and most of the E2 transactivated enhancer. 

The differences in binding to nuclear matrices and 
scaffolds of the PMS-I and core replication origin of 
the BPV suggest that different sets of proteins may be 
involved in the interaction. This is of importance, since 
it has been recently proposed that PMS-1 could be part 
of a composite replication origin [52]. This region could 
provide information at a distance and be required for 
effective replication initiation. An increasing number 
of reports describes the interaction of replication ori- 
gins with the nuclear matrices. However in higher 
eukaryotes, data are difficult to interpret accurately, 
since a precise localization of the origins of replication 
has not been achieved. In this regard, the BPV, with an 
origin of replication localized within a 200 bp region, is 
a system of choice to investigate the role of the nuclear 
matrix in DNA replication. 
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