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We demonstrate that the simian virus 40 genome contains a single MAR (matrix association region) that
maps within a large T-antigen coding region (nucleotides 4071 to 4377). This region contains topoisomerase II

cleavage sites, exhibits sequence similarity with cellular MARs, and recognizes the same evolutionarily
conserved, abundant nuclear binding sites seen by cellular MARs.

DNA within eucaryotic interphase nuclei and mitotic
chromosomes is organized into topologically constrained
looped domains ranging from 5 to 200 kilobases in length (3,
11, 35, 51). DNA sequences that mediate chromosomal loop
attachment can be identified by using an in vitro assay that
localizes MARs (matrix association regions) within cloned
cellular genes (8). This approach can be complemented by a
nuclear "halo" mapping procedure (31) which uses nuclear
fractionation of endogenous sequences to identify scaffold
attached regions (18). It is significant that both assays
identify the same fundamental class of attachment site
sequences (8, 22, 36). MARs (or scaffold attached regions)
are A+T rich (ca. 70%), at least 250 base pairs (bp) long,
contain topoisomerase II consensus sequences and other
A+T-rich sequence motifs, sometimes reside near cis-acting
regulatory sequences, are evolutionarily conserved, and
their nuclear binding sites are abundant (>10,000 per mam-
malian nucleus) (1, 8-10, 18, 19, 22, 30, 32). Such sequences
have been identified in specific genetic loci in cellular DNA
derived from human (6, 23, 47), mouse (8, 10), hamster (15,
25), chicken (36), Drosophila melanogaster (18, 19, 22,
30-32), and yeast (1).

Previous studies have shown that simian virus 40 (SV40)
minichromosomes are associated with the nuclear matrix in
infected cells (4, 34). Furthermore, by using the nuclear halo
mapping procedure, Prives et al. (38) have found that two
specific regions in the SV40 genome mediate nuclear matrix
attachment, independent of transcription or of whether the
viral genome has been stably integrated into cellular DNA.
Here, by using the in vitro assay we demonstrate that these
SV40 sequences recognize the same evolutionarily con-
served, abundant nuclear binding sites as those seen by
cellular MARs. The major SV40 MAR resides within the
large T-antigen gene, shares sequence similarity with cellular
MARs, and contains topoisomerase II cleavage sites.

Initially we compared the matrix binding preference of
linearized SV40 DNA with that of the MAR-containing
mouse immunoglobulin K gene and the MAR-lacking
pBR322. Since T antigen appears to be localized, in part, in
the nuclear matrix (12, 46, 50) and is known to bind to the
SV40 origin (48), to simplify the interpretation of our results,
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we decided to determine whether SV40 DNA would specif-
ically bind to nuclear matrices of noninfected cells. Frag-
ments were 32P end labeled and associated with matrices in
the presence of increasing amounts of unlabeled Escherichia
coli DNA, employing the standard competitive DNA binding
assay used to identify MARs (8). Figure 1A shows that
matrices isolated from several mouse cell lines (8, 39) each
preferentially retain both SV40 and K gene DNA fragments
to a similar extent relative to pBR322. For example, under
conditions where about 15% of the input SV40 genome
binds, about 15% of the input K gene segment also binds,
while less than 1% of the input pBR322 is recovered (Fig.
1A, lane 3). We conclude that the SV40 genome specifically
binds to nuclear matrices in vitro.
To localize the MARs within the SV40 genome, we

performed additional binding studies. Figure 1B shows that
the MAR resides on a 2,206-bp BamHI-TaqI fragment,
which exhibits 5- to 10-fold-greater retention than the other
BamHI-TaqI SV40 fragment (Fig. 1B, lane 1) (see map in
Fig. 1G). Further mapping revealed that the MAR resides on
a 1,097-bp DdeI fragment (Fig. 1C), a 766-bp Hinfl DNA
segment (Fig. 1D), and a 823-bp BstNI fragment (Fig. 1E).
As shown in Fig. 1G, these sequences each predominantly
reside within the larger 2,206-bp BamHI-TaqI fragment and
overlap one another by only 306 bp. Furthermore, the 306-bp
BstNI-Hinfl fragment encompassing this overlap region also
preferentially binds to matrices (Fig. 1F). Thus, a region
between nucleotides 4071 and 4377 of the SV40 genome (17),
which resides within a large T-antigen exon, constitutes a
MAR. A weaker secondary MAR was also identified, corre-
sponding to a 673-bp BstNI fragment (Fig. 1E) and a 398-bp
BstNI-Hinfl fragment (Fig. 1F), which is localized between
nucleotides 3610 and 4008 (17). It is particularly significant
that both the primary and secondary MARs identified here
by the in vitro assay correspond to the two regions previ-
ously mapped by Prives et al. (38) using the nuclear halo
technique.

Previous studies have shown that cellular MARs from
diverse sources compete for similar binding sites in nuclear
matrices (1, 8, 22, 36), and saturation binding experiments
performed in the absence of competitor DNA reveal that
these binding sites are abundant (8). To determine whether
the SV40 MAR recognizes the same abundant binding sites
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FIG. 1. Binding of segments of the SV40 genome to nuclear matrices. Reactions were performed with about 107 cell equivalents of nuclear
matrices and 10 ng of each 32P-labeled DNA species (approximately 104 cpm) as described elsewhere (8). (A) Comparative binding of
TaqI-digested SV40 DNA and BamHI-HindIII-digested recombinant plasmid pG19/45 (pBR322 containing a 2.8-kb mouse DNA insert [8]) to
nuclear matrices of MPC-11 mouse plasmacytoma, P-815 mouse mastocytoma, and L-cell fibroblasts in the presence of a 2.5 x 102 (lane 1)-,
103 (lanes 2, 7, and 9)-, 2.5 x 103 (lane 3)-, 5 x 103 (lanes 4, 8, and 10)-, 104 (lane 5)-, and 5 x 104 (lane 6)-fold excess of E. coli DNA. As
a reference, 3 and 15% of the input probe was loaded in lanes 11 and 12, respectively. An autoradiogram of a 1% agarose gel is shown here
and in panel B (27). (B) Binding of BamHI-TaqI-digested SV40 DNA to MPC-11 nuclear matrices in the presence of a 104-fold excess of E.
coli DNA (lane 1). As a reference, 3 and 15% of the input probe was loaded in lanes 2 and 3, respectively. (C) Binding of DdeI-digested SV40
DNA to MPC-11 nuclear matrices in the presence of 2.5 x 103-fold excess of E. coli DNA. As a reference, 10% of the input probe was loaded
in lane 2. An autoradiogram of a 5% polyacrylamide gel is shown here and in panels D through F (27). (D) Binding of Hinfl-digested SV40
DNA to MPC-11 nuclear matrices in the presence of a 104-fold excess E. coli DNA (lane 1). As a reference, 1.5% of the input probe was loaded
in lane 2. (E) Binding of BstNI-digested SV40 DNA to MPC-11 nuclear matrices in the presence of a 5 x 103-fold excess of E. coli DNA (lane
1). As a reference, 3% of the input probe was loaded in lane 2. (F) Binding of BstNI-Hinfl-digested SV40 DNA to MPC-11 nuclear matrices
in the presence of a 104-fold excess of E. coli DNA (lane 1). As a reference, 3% of the input probe was loaded in lane 2. (G) Summary diagram
of SV40 DNA fragments that preferentially bind to nuclear matrices. The SV40 genome is depicted as a linear map from the BglI site (17).
Fragments indicated by the arrowheads in panels C through F that specifically bind to nuclear matrices are depicted as solid bracketed lines.
The origin (ori), enhancer (E), MAR (M), and transcription initiation sites (arrows) are indicated.
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FIG. 2. Competition of SV40 DNA binding to nuclear matrices.
20 Each reaction was performed with about S x 106 MPC-11 cell* plCMAR nuclear matrices, S ng of 32P-end-labeled BamHI-linearized SV40

DNA, and the indicated amounts of unlabeled linearized competitor
DNAs in 100 ,ul as described elsewhere (8). The recombinant
plasmid pKMAR consists of pUC19 containing the 365-bp HindlIl-

10 20 50 100 200 Hinfl fragment from pG19/45 (8) inserted into the SmaI site.
10MPET20OR50A 100 200 Symbols: 0, PKMAR as competitor; X, pUC19 as competitor; *, E.

COMPETITOR DNA (1g/mI) coli DNA as competitor.
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FIG. 3. Topoisomerase II-mediated cleavage in SV40 DNA.
SV40 DNA was linearized by BanI cleavage, end labeled with 32P,
and cut with HpaII, resulting in nucleotide 298 of the Crick strand
carrying the radioactive tag on the long DNA molecules. DNA (50
ng) was reacted with purified mouse L1210-cell topoisomerase II (4
U) in the absence or presence of antitumor drugs (24, 37). An
autoradiogram of 1% agarose gel is shown (27). The gel was
calibrated with the indicated DNA size markers, whose lengths are
given in base pairs. Lane A, control DNA; lane B, topoisomerase
II-treated DNA without drug; lane C, topoisomerase II-treated
DNA with 10 ,uM 4'-(9-acridinylamino)methanesulfon-m-anisidide;
lane D, topoisomerase II-treated DNA with 10 ,uM teniposide. The
bracketed region shown on the left encompasses the 306-bp MAR
located at position 4071 to 4377 (17).

necessary for the terminal stages of SV40 DNA replication,
primarily at the decatenation step (43, 44, 54). Therefore,
since topoisomerase II in the nuclear matrices that we used
could be responsible for binding the SV40 MAR, we decided
to directly map the organization of topoisomerase II sites on

SV40 DNA. Although Liu and co-workers have found that
multiple topoisomerase II cleavage sites exist on SV40 DNA
(26, 52), the map positions and relative strengths of these
sites with respect to the MAR remained to be determined.
We located the positions of topoisomerase II-mediated

double-stranded DNA cleavage in the absence or presence
of the antitumor drugs 4'-(9-acridinylamino)methanesulfon-
m-anisidide and teniposide (14, 26, 37, 49, 53). Topoisomer-
ase II, purified from mouse L1210 cells (29), was incubated
with 32P-end-labeled SV40 DNA as described previously,
and the resulting DNA samples were separated by gel
electrophoresis (24, 26, 37). As shown in Fig. 3, DNA
cleavage was greatly stimula¶t.d by the drugs and occurred
within the MAR (arrowed bracket) as well as elsewhere.
However, because the enzyme cleavage specificity was
influenced somewhat by the drugs, we decided to analyze
only the cutting pattern obtained in the absence of these
agents. As summarized in Fig. 4, the highest density of
topoisomerase II cleavage sites within SV40 occurred within
the MAR between nucleotides 4000 to 4400. About 20% of
the topoisomerase II cutting within the entire SV40 genome
occurred within this region.
While the MAR is located in the region of the SV40

genome that contains the highest density of topoisomerase II
double-stranded cutting sites, several other segments also
exhibit prominent enzyme cutting (Fig. 4). However, these
other segments do not bind significantly to nuclear matrices
(Fig. 1). Thus, while major sites of interaction of topoisom-
erase II with SV40 DNA colocalize with the MAR, it is clear
that interaction with this protein is not sufficient to specify
matrix attachment, since other fragments bearing topoisom-
erase II sites are not recognized by the matrix. Furthermore,
MARs have been observed to interact with matrices from
nondividing cells (8, 10, 36) that appear to be deficient in
topoisomerase 11 (16, 20, 21). These findings agree with the
previous conclusion that topoisomerase II binding sites are
neither necessary nor sufficient to specify cellular MARs
(45).
Like all other MARs, the SV40 MAR is made up of several

hundred base pairs of A+T-rich DNA. However, there are
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FIG. 4. Location of topoisomerase Il-mediated DNA cleavage in SV40 DNA. Three independent uniquely 32P-end-labeled SV40 DNA
fragments were used. The labeling sites were BanI (nucleotide 298 of the Crick strand), AccI (nucleotide 1631 of the Crick strand), and HpaII
(nucleotide 347 of the Watson strand). The arrows indicate the direction away from the label. Topoisomerase II reactions were performed in
the absence of drugs as described in the legend to Fig. 3. DNA samples were separated on 1% agarose gels, and autoradiograms were analyzed
by computer densitometry (24, 37). The arrow indicates the origin of replication (position 0 [or 5243]) of SV40 (17). The densitometric profiles
obtained with the three SV40 DNA fragments have been added together by computer to generate a profile for the whole genome.
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six other regions in the SV40 genome that have at least 300
bp of 63 to 66% A+T-rich DNA that bind to the matrix
poorly by comparison with the 306-bp, 68% A+T-rich MAR.
We conclude, therefore, that A+T richness may be a nec-
essary but not a sufficient condition to specify matrix asso-
ciation. Regions of sequence homology do indeed exist
between the SV40 and cellular MARs. Both are enriched in
the MAR consensus elements ATATTTTT and AATATT
(8). Although a search against the topoisomerase II consen-
sus cleavage sequence (40) revealed little homology within
the SV40 MAR or elsewhere within the genome (17), this
consensus does not always predict strong topoisomerase II
cleavage sites (24, 45).
The region of the SV40 genome corresponding to the MAR

has been shown previously to have several interesting prop-
erties, indicating that this segment may have an altered
conformation or a partial single-stranded character when
supercoiled. It has been demonstrated that this region is
preferentially sensitive to Si nuclease (2), prefers to bind
gene 32 protein of bacteriophage T4 (33), reacts preferen-
tially with carbodiimides (7), and is hypersensitive to micro-
coccal nuclease (Pommier et al., unpublished results). In
addition, minor DNase I and DNase II hypersensitive sites
reside at or near this region in SV40 minichromosomes (13,
42). Whether the SV40 MAR has a cis-acting effect on the
biological functions of the virus is a key question remaining
to be answered, particularly since in studies to be reported
elsewhere, the K gene MAR has been shown to exert a
positive quantitative effect on gene expression (Blasquez et
al. and Xu et al., in press). In addition, cellular MARs appear
to be prone to illegitimate recombination events (45).

We thank Z. Avramova for a critical review of the manuscript.
These studies were supported by Public Health Service grants

GM22201, GM29935, and GM31689 from the National Institutes of
Health and grant 1-823 from the Robert A. Welch Foundation
awarded to W.T.G.

LITERATURE CITED
1. Amati, B. B., and S. M. Gasser. 1988. Chromosomal ARS and
CEN elements bind specifically to the yeast nuclear scaffold.
Cell 54:967-978.

2. Beard, P., J. F. Morrow, and P. Berg. 1973. Cleavage of
circular, superhelical simian virus 40 DNA to linear duplex by
S, nuclease. J. Virol. 12:1303-1313.

3. Benyajati, C., and A. Worcel. 1976. Isolation, charaterization,
and structure of the folded interphase genome of Drosophila
melanogaster. Cell 9:393-407.

4. Berezney, R., and D. Coffey. 1974. Identification of a nuclear
protein matrix. Biochem. Biophys. Res. Commun. 60:1410-
1419.

5. Berrios, M., N. Osheroff, and P. A. Fisher. 1985. In situ
localization of DNA topoisomerase II, a major polypeptide
component of the Drosophila nuclear matrix fraction. Proc.
Natl. Acad. Sci. USA 82:4142-4146.

6. Bode, J., and K. Maass. 1988. Chromatin domain surrounding
the human interferon-p gene as defined by scaffold-attached
regions. Biochemistry 27:4706-4711.

7. Chen, M., J. Lebowitz, and N. P. Salzman. 1976. Hin D
restriction mapping of unpaired regions in simian virus 40
superhelical DNA I: considerations regarding structure-function
relationships. J. Virol. 18:211-217.

8. Cockerill, P. N., and W. T. Garrard. 1986. Chromosomal loop
anchorage of the kappa immunologlobulin gene occurs next to
the enhancer in a region containing topoisomerase II sites. Cell
44:273-282.

9. Cockerill, P. N., and W. T. Garrard. 1986. Chromosomal loop
anchorage sites appear to be evolutionarily conserved. FEBS
Lett. 204:5-7.

10. Cockerill, P. N., M.-H. Yuen, and W. T. Garrard. 1987. The

enhancer of the immunoglobulin heavy chain locus is flanked by
presumptive chromosomal loop anchorage elements. J. Biol.
Chem. 262:5394-5397.

11. Cook, P. R., and I. A. Brazell. 1976. Conformational constraints
in nuclear DNA. J. Cell Sci. 22:287-302.

12. Covey, L., Y. Choi, and C. Prives. 1984. Association of simian
virus 40 T antigen with the nuclear matrix of infected and
transformed monkey cells. Mol. Cell. Biol. 4:1384-1392.

13. Cremisi, C. 1981. The appearance of DNase I hypersensitive
sites at the 5' end of the late SV40 genes is correlated with the
transcriptional switch. Nucleic Acids Res. 9:5949-5964.

14. Darby, B. K., R. E. Herrera, H.-D. Vosberg, and A. Nordheim.
1986. DNA topoisomerase II cleaves at specific sites in the 5'
flanking region of c-fos proto-oncogenes in vitro. EMBO J.
5:2257-2265.

15. Dijkwel, P. A., and J. L. Hamlin. 1988. Matrix attachment
regions are positioned near replication initiation sites, genes,
and an interamplicon junction in the amplified dihydrofolate
reductase domain of Chinese hamster ovary cells. Mol. Cell.
Biol. 8:5398-5409.

16. Fairman, R., and D. L. Brutlag. 1988. Expression of Drosophila
type II topoisomerase is developmentally regulated. Biochem-
istry 27:560-565.

17. Fiers, W., R. Contreras, G. Haegeman, R. Rogiers, H. Van Der
Voorde, J. Van Heuverswyn, G. Van Herreweghe, G. Voickaert,
and M. Ysebaert. 1978. Complete nucleotide sequence of SV40
DNA. Nature (London) 273:113-119.

18. Gasser, S. M., and U. K. Laemmli. 1986. Cohabitation of
scaffold binding regions with upstream/enhancer elements of
three developmentally regulated genes of D. melanogaster. Cell
46:521-530.

19. Gasser, S. M., and U. K. Laemmli. 1986. The organization of
chromatin loops: characterization of a scaffold attachment site.
EMBO J. 5:511-530.

20. Heck, M. M. S., and W. C. Earnshaw. 1986. Topoisomerase II:
a specific marker for cell proliferation. J. Cell Biol. 103:2569-
2581.

21. Heck, M. M. S., W. N. Hittelman, and W. C. Earnshaw. 1988.
Differential expression of topoisomerase I and II during the
eukaryotic cell cycle. Proc. Natl. Acad. Sci. USA 85:1086-1090.

22. Izaurralde, E., J. Mirkovitch, and U. K. Laemmli. 1988. Inter-
action of DNA with nuclear scaffolds in vitro. J. Mol. Biol.
200:111-125.

23. Jarman, A. P., and D. R. Higgs. 1988. Nuclear scaffold attach-
ment sites in the human globin gene complexes. EMBO J.
7:3337-3344.

24. Jaxel, C., K. W. Kohn, and Y. Pommier. 1988. Topoisomerase I
interaction with SV40 DNA in the presence of camptothecin.
Nucleic Acids Res. 16:11157-11170.

25. Kas, E., and L. A. Chasin. 1987. Anchorage of the Chinese
hamster dihydrofolate reductase gene to the nuclear scaffold
occurs in an intragenic region. J. Mol. Biol. 198:677-692.

26. Liu, L. F., T. C. Rowe, L. Yang, K. M. Tewey, and G. L. Chen.
1983. Cleavage of DNA by mammalian topoisomerase II. J.
Biol. Chem. 258:15365-15370.

27. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

28. Max, E. E., J. V. Maizel, Jr., and P. Leder. 1981. The nucleotide
sequence of a 5.5-kilobase DNA segment containing the mouse
K immunoglobulin J and C region genes. J. Biol. Chem. 256:
5116-5120.

29. Minford, J., Y. Pommier, J. Filipski, K. W. Kohn, D. Kerrigan,
M. Mattern, S. Michaels, R. Schwartz, and L. A. Zwelling. 1986.
Isolation of intercalator-dependent protein-linked DNA strand
cleavage activity from cell nuclei and identification as topoiso-
merase II. Biochemistry 25:9-16.

30. Mirkovitch, J., S. M. Gasser, and U. K. Laemmli. 1988. Scaffold
attachment of DNA loops in metaphase chromosomes. J. Mol.
Biol. 200:101-109.

31. Mirkovitch, J., M. E. Mirault, and U. K. Laemmli. 1984.
Organization of the higher-order chromatin loop:specific DNA
attachment sites on nuclear scaffold. Cell 39:223-232.

J. VIROL.



NOTES 423

32. Mirkovitch, J., P. Spierer, and U. K. Laemmli. 1986. Genes and
loops in 320,000 base-pairs of the Drosophila melanogaster
chromosome. J. Mol. Biol. 190:255-258.

33. Morrow, J. F., and P. Berg. 1973. Location of the T4 and 32
protein binding site on simian virus 40 DNA. J. Virol. 12:
1631-1632.

34. Nelkin, B. D., D. M. Pardoll, and B. Vogelstein. 1980. Localiza-
tion of SV40 genes within supercoiled loop domains. Nucleic
Acids Res. 8:5623-5633.

35. Paulson, J. R., and U. K. Laemmli. 1977. The structure of
histone-depleted metaphase chromosomes. Cell 12:817-828.

36. Phi-Van, L., and W. H. Stratling. 1988. The matrix attachment
regions of the chicken lysozyme gene co-map with the bound-
aries of the chromatin domain. EMBO J. 7:655-664.

37. Pommier, Y., D. Kerrigan, and K. W. Kohn. 1989. Topological
complexes between DNA and topoisomerase II and effects of
polyamines. Biochemistry 28:995-1002.

38. Prives, C., L. Covey, T. Michael, E. D. Lewis, and J. L. Manley.
1986. Alternate roles of simian virus 40 sequences in viral gene

expression in different types of cells, p. 125-135. In M. Botchan,
T. Grodzicker, and P. Sharp (ed.), Cancer Cells 4/ DNA Tumor
Virus. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

39. Rose, S. M., and W. T. Garrard. 1984. Differentiation-de-
pendent chromatin alterations precede and accompany tran-
scription of immunoglobulin light chain genes. J. Biol. Chem.
259:8534-8544.

40. Sander, M., and T. S. Hsieh. 1985. Drosophila topoisomerase II

double-strand DNA cleavage:analysis of DNA sequence homol-
ogy at the cleavage site. Nucleic Acids Res. 13:1057-1072.

41. Sander, M., T.-S. Hsieh, A. Udvardy, and P. Schedl. 1987.
Sequence dependence of Drosophila topoisomerase II in plas-
mid relaxation and DNA binding. J. Mol. Biol. 194:219-229.

42. Shakhov, A. N., S. A. Nedospasov, and G. P. Georgiev. 1982.
Deoxynuclease II as a probe to sequence-specific chromatin
organization:preferential cleavage in the 72-bp modulator se-

quence of SV40 minichromosome. Nucleic Acids Res. 10:
3951-3965.

43. Snapka, R. M. 1986. Topoisomerase inhibitors can selectively
interfere with different stages of simian virus 40 DNA replica-
tion. Mol. Cell. Biol. 6:4221-4227.

44. Snapka, R. M., M. A. Powelson, and J. M. Strayer. 1988.
Swiveling and decatenation of replicating simian virus 40 ge-
nomes in vivo. Mol. Cell. Biol. 8:515-521.

45. Sperry, A. O., V. C. Blasquez, and W. T. Garrard. 1989.
Dysfunction of chromosomal loop attachment sites: illegitimate
recombination linked to matrix association regions and topo-
isomerase II. Proc. Natl. Acad. Sci. USA 86:5497-5501.

46. Staufenbiel, M., and W. Deppert. 1983. Different structural
systems of the nucleus are targets for SV40 large T antigen. Cell
33:173-181.

47. Sykes, R. C., D. Lin, S. J. Hwang, P. E. Framson, and A. C.
Chinault. 1988. Yeast ARS function and nuclear matrix associ-
ation coincide in a short sequence from the human HPRT locus.
Mol. Gen. Genet. 212:301-309.

48. Tjian, R. 1978. The binding site on SV40 DNA for a T
antigen-related protein. Cell 13:165-179.

49. Udvardy, A., P. Schedi, M. Sander, and T.-S. Hsieh. 1986.
Topoisomerase II cleavage in chromatin. J. Mol. Biol. 191:
231-246.

50. Verderame, M. F., D. S. Kohtz, and R. E. Pollack. 1983. 94,000-
and 100,000-molecular-weight simian virus 40 T-antigens are
associated with the nuclear matrix in transformed and revertant
mouse cells. J. Virol. 46:575-583.

51. Vogelstein, B., D. M. Pardoll, and D. S. Coffey. 1980. Super-
coiled loops and eukaryotic DNA replication. Cell 22:79-85.

52. Yang, L., T. C. Rowe, and L. F. Liu. 1985. Identification of
DNA topoisomerase II as an intracellular target of antitumor
epipodophyllotoxins in simain virus 40 infected cells. Cancer
Res. 45:5872-5876.

53. Yang, L., T. C. Rowe, E. M. Nelson, and L. F. Liu. 1985. In vivo
mapping of topoisomerase II-specific cleavage sites on SV40
chromatin. Cell 41:126-132.

54. Yang, L., M. S. Wold, J. J. Li, T. J. Kelly, and L. F. Liu. 1987.
Roles of DNA topoisomerases in simian virus 40 DNA replica-
tion in vitro. Proc. Natl. Acad. Sci. USA 84:950-954.

VOL. 64, 1990


