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ABSTRACT The distribution of DNA topoisomerase I
within Drosophila polytene chromosomes was observed by im-
munofluorescent staining with affinity-purified antibodies.
The enzyme is preferentially associated with active loci, as
shown by prominent staining of puffs. The heat shock loci
87A-87C are stained after, but not before, heat shock induc-
tion. A detailed comparison of the distribution of topoisomer-
ase I with that of RNA polymerase II reveals a similar, al,
though not identical, pattern of association. Topoisomerase I is
also found in association with the nucleolus, the site of tran-
scription by RNA polymerase I.

The polytene chromosomes of the Drosophila salivary gland
provide an excellent system for investigating the distribution
of specific chromosomal proteins. Although highly orga-
nized, these giant chromosomes behave like diploid inter-
phase chromatin in many assays of function and fine struc-
ture (1-6). They can, however, be easily observed under the
light microscope; some substructure, such as transcription-
ally active sites, can be recognized. It is possible to localize
proteins in these chromosomes and thereby obtain some in-
formation as to the biological processes in which the given
proteins might be involved. In order to visualize the chromo-
somal proteins, the method of indirect immunofluorescence
was developed several years ago (7, 8). The distribution pat-
terns of a number of chromosomal proteins of unknown
function have been determined by this approach (8-11). The
method has allowed identification of a subclass of nonhis-
tone chromosomal proteins that are prominently associated
with loci that are active or inducible at some time in the sali-
vary glands of the third instar larvae and prepupae (10, 12,
13).

In addition, distribution patterns of proteins of known
function have been analyzed-e.g., RNA polymerase 11(14-
17) and ribonucleoproteins (18). These proteins are preferen-
tially associated with the transcriptionally active regions of
the genome. In this paper we report the distribution pattern
ofDNA topoisomerase I. This enzyme is well characterized
at the molecular level, but the range of its biological func-
tions in eukaryotes has yet to be established (for reviews,
see refs. 19-25). The ability of eukaryotic topoisomerase I to
relax either negatively or positively supercoiled DNA hints
that the enzyme might play a role in gene activation, either
effecting structural changes in chromatin as it assumes a
more "open" conformation (e.g., as detected by the appear-
ance of puffs) and/or facilitating transcription per se (26, 27).
There is some evidence in favor of a role of topoisomerase in
transcription. For example, topoisomerase has been shown
to be associated with ribosomal gene chromatin actively ex-
pressing rRNA (28); topoisomerase I is recovered with nu-

cleosomes in a fraction enriched for transcriptionally active
genes (29). Complex formation between eukaryotic DNA to-
poisomerase I and chromosomal high mobility group pro-
teins and histone H1 has also been reported (30). However,
there has been no direct evidence as to those eukaryotic cel-
lular functions in which the enzyme might be involved.
We have compared the distribution pattern ofDNA topo-

isomerase I in Drosophila polytene chromosomes wvith the
patterns shown by both RNA polymerase II and by an un-
characterized nonhistone chromosomal protein of 130 kDa,
which appears at most sites that become active at some time
during the third instar. We have also investigated the change
in distribution after the induction of the heat shock puffs.
The results demonstrate a correlation between the presence
of topoisomerase I and transcriptional activity.

MATERIALS AND METHODS
DNA topoisomerase I ofDrosophila melanogaster Oregon R
was prepared as described Javaherian et al. (31) or with
modifications to be described elsewhere. A protein fraction
enriched in the enzyme was run on a 10% NaDodSO4/poly-
acrylamide gel (32), and the gel band representing the topoi-
somerase I (135 kDa) was excised, freeze-dried, and ground
to a powder. Rabbits were immunized with the powder by
the procedure of Tjian et al. (33) with minor modifications
(7). Three independent preparations of antibodies were used
in these studies; all gave essentially the same results.

Antibodies prepared by this procedure were affinity puri-
fied following the principles of Olmsted (34). Purified topo-
isomerase I was run on a 10% NaDodSO4/polyacrylamide
gel and transferred electrophoretically (35) to aminophenyl-
thioether paper (36). Subsequent incubation of the paper
with 3% bovine serum albumin/0.145 M NaCl/10 mM
Tris HCl, pH 7.6/0.1 mM phenylmethylsulfonyl fluoride was
performed to block the remaining binding sites. The precise
region of the paper containing the 135-kDa topoisomerase I
band was cut out and incubated for 3 hr in 1 ml of serum. The
piece of paper was washed in 10 mM Tris HCl, pH 7.6/0.145
M NaCl for 1 hr and then extracted twice with 200 /il each of
0.2 M glycine HCl (pH 2.6) for 1.5 min. Subsequent addition
of 0.1 vol of 1 M Tris base to the extract raised the pH to
-7.5. This procedure was repeated three times with the
same strip of paper and the same serum. These affinity-puri-
fied antibodies were used in the indirect immunofluores-
cence staining assay developed by Silver and Elgin (7, 10)
using acetic acid-fixed polytene chromosomes. The specific-
ity of the antibodies against topoisomerase I was confirmed
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by transferring the proteins from a NaDodSO4/polyacryla-
mide gel to nitrocellulose paper and incubating the gel repli-
ca first with the antibodies and subsequently with 1251-la-
beled donkey anti-rabbit F(ab')2 fragments or 1251-labeled
protein A of Staphylococcus aureus (35).
An antiserum (P-215) against the large subunit ofDrosoph-

ila RNA polymerase II was generously supplied by A.
Greenleaf (38). Drosophila DNA topoisomerase II was kind-
ly provided by T.-s. Hsieh (37). Protein 120/130 was pre-
pared from the nuclear proteins of 6- to 18-hr Drosophila
embryos and an antiserum prepared as described above.

RESULTS
Antibodies were prepared in a rabbit by using as antigen
the -135-kDa band of purified Drosophila topoisomerase
I from a NaDodSO4/polyacrylamide gel. When a crude
extract of Drosophila nuclear proteins was separated in a
NaDodSO4/polyacrylamide gel and the proteins were trans-
ferred to nitrocellulose paper, the antiserum generally
showed binding to several protein bands of lower molecular
mass in addition to reacting with the intact topoisomerase I
band. The majority of these bands is thought to be break-
down products of topoisomerase I (31). To eliminate possi-
ble ambiguity, antibodies were affinity purified by using the
135-kDa fraction of purified topoisomerase I. The purified
antibodies showed a high specificity for purified topoisomer-
ase I. Ih particular, in a direct test, no reaction of the anti-
bodies with purified RNA polymerase II or DNA topoiso-
merase II of Drosophila was observed (Fig. 1).

Incubation of polytene chromosomes with the affinity-pu-
rified antibodies resulted in the staining of a distinct set of
loci (Fig. 2). One observes prominent staining at a small sub-
set of loci, with lesser staining at many other positions. The
brightest staining appeared over the large puffs such as those
that occurred at 68C, 74EF, or 75B (Fig. 3). To further dem-
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FIG. 1. Selectivity of affinity-purified anti-Drosophila topoiso-
merase I antibodies. Proteins were electrophoresced on 8% NaDod-
S04/POlyacrylamide gels. (Right) The gel was stained with Coomas-
sie blue. Lanes: A, crude fraction containing the lower molecular
mass forms of Drosophila DNA topoisomerase I; B, purified 135-
kDa Drosophila topoisomerase I; C, purified Drosophila RNA poly-
merase II; D, protein markers (Bethesda Research Laboratories); E,
purified Drosophila DNA topoisomerase II. The major bands in the
topoisomerase I and polymerase II lanes (B and C) are faint but
distinct on the original gel; the position of the topoisomerase I band
is marked by an arrow. (Left) Proteins from a similar gel were trans-
ferred electrophoretically to a nitrocellulose sheet and incubated
with the affinity-purified anti-Drosophila topoisomerase I antibod-
ies, followed by staining With "'M5-abeled protein A. Lanes A-C are
as described above. Prominent staining of purified topoisomerase I
is observed (lane B), whereas there is no significant staining ofRNA
polymerase II (lane C) or topoisomerase II (not shown). The major
reactive components in the crude nuclear fraction (lane A) are
breakdown products of the enzyme.
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FIG. 2. Distribution pattern of topoisomerase I on polytene chromosomes. Topoisomerase I was visualized by the method of indirect
immunofluorescence. Chromosomes were obtained from third instar larvae grown at 25'C (a and b) and from larvae heat shocked at 37'C for 20
min prior to dissection (c and d). (a and c) Phase-contrast images; (b and d) fluorescent images. N, nucleolus; X, 2L, 2R, 3L, and 3R,
chromosome arms; specific loci as indicated.
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FIG. 3. Distribution pattern of topoisomerase I on chromosome
arms 3L and 3R. Chromosomes were obtained from third instar lar-
vae grown at 25°C (a and d) and from larvae heat shocked at 37°C
for 20 min prior to dissection (b, c, e, and f). (a-c) Chromosomal
arm 3L; (d-f) chromosomal arm 3R. (a, b, d, and e) Fluorescent
images; (c and f) phase-contrast images of b and e.

onstrate specific association of topoisomerase I with tran-
scriptionally active sites, larvae were heat shocked for 20
min at 37°C immediately prior to the chromosome prepara-
tion. Upon this treatment, a limited set of genes is switched
on and can be visualized as the so-called heat shock puffs (1,
39, 40), while the expression of the developmentally active
genes is severely reduced (41, 42). After heat shock, the
newly induced puffs (63BC, 64EF, 67B, 70B, 87A, 87C, 93D,
95D) exhibited a strong fluorescence, while a reduced fluo-
rescence was observed in many previously active loci-e.g.,
68C4 85F (Fig. 3). Notice that in the case of 68C, the puff had
not yet fully regressed, but only minor amounts of topoiso-
merase I could be detected.
Another site of high transcriptional activity, the nucleolus,

reacted intensely with the antibodies to topoisomerase I
(Fig. 2). This result was obtained under both normal and heat
shock conditions. The rRNA genes, located in the nucleolus,
are shown to be transcribed under both conditions (43).
Whether or not topoisomerase I is associated with loci tran-
scribed by RNA polymerase III is more difficult to assess.
Locus 42A of the second chromosome was stained by using
antibodies against topoisomerase I (Fig. 2). This locus con-
tains a cluster of four tRNA genes (44). Other tRNA gene

sites such as 61D, 62A, or 84AB are too small to be readily
analyzed with this technique. Staining with anti-topoisomer-
ase I (Fig. 2), but not with anti-RNA polymerase II (data not
shown), was observed at locus 56EF, the site of the 5S RNA
genes (45).
A comparative analysis of the distribution patterns of to-

poisomerase I, RNA polymerase II, and a nuclear protein of
130 kDa (protein 120/130) was carried out by using chromo-
somes from an early puffing stage (1-2), a stage when only a
few loci are puffed (40, 46). To be certain to obtain chromo-
some squashes at the same developmental stage, one sali-
vary gland was divided, several slides were prepared, and
the separate parts were stained independently by using the
affinity-purified antibodies against topoisomerase I, a spe-
cific antiserum against RNA polymerase II, and the antise-
rum against protein 120/130. Appreciable staining for topo-
isomerase I and RNA polymerase II was found only at a few
sites, as demonstrated for the third chromosome arm 3L
(Fig. 4). Loci 63C, 68C, and 7JEF were stained with compa-
rable intensities by using antibodies against either enzyme.
Loci 63A and 67B showed more pronounced staining with
anti-RNA polymerase II antiserum, whereas locus 71CD
showed more pronounced staining with anti-topoisomerase I
antibodies. These differences were observed consistently for
all chromosomes derived from the same squash, with only
minor differences in the relative staining intensities. The
sites that were stained prominently by only one of the two
antisera in several cases could also be detected with the oth-
er antiserum in other chromosome squashes of slightly dif-
ferent developmental stages. Protein 120/130 was found in
more loci; the pattern observed was similar to that reported
for the Band 2- and p-antigens, which are generally observed
in those loci in the salivary gland that are active at some time
during the third larval instar or prepupal stages (10, 12, 13).
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FIG. 4. Comparison of the distribution pattern ofRNA polymer-
ase I1, topoisomerase I, and protein 120/130 on polytene chromo-
some 3L. A salivary gland of a third instar larva at puffing stage 1-2
was divided into several parts and chromosome squashes were pre-
pared. Squashes were incubated with anti-RNA polymerase II anti-
serum (a), affinity-purified anti-topoisomerase I antibodies (b), and
anti-protein 120/130 antiserum (c). (a-c) Fluorescence images; (d)
phase-contrast image of c.
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FIG. 5. Comparison of the occurrence of topoisomerase I in
chromosomal position 3C11-12 of D. melanogaster strain BER-1
and Oregon R. Squashes from BER-1 (a and b) or Oregon R (c and
d) were incubated with affinity-purified anti-topoisomerase I anti-
bodies. (b and c) Fluorescence images: (a and d) phase-contrast im-
ages of b and c, respectively.

We have also used a well-characterized mutant of Dro-
sophila to examine the nature of the correlation between the
presence of topoisomerase I and transcription. The Sgs-4 lo-
cus at position 3C11-12 of the X chromosome codes for one
of the glue proteins used to attach the puparium to a surface
(47, 48). The gene is normally expressed at high levels during
puffing stage 1-2. In the BER-1 strain of Drosophila, this
gene carries a deletion of -100 base pairs at a position
=400-500 base pairs upstream from the mRNA initiation
site. No transcript of the glue gene can be detected (49) nor
are any other transcripts detected from the 16- to 19-kilobase
region of this locus during third instar in BER-1 larvae (refs.
48 and 50; J. C. Eissenberg, personal communication). An
analysis of the chromatin structure of this locus has shown
that in the BER-1 larvae one fails to see the development of
DNase I hypersensitive sites 5' to the gene which are charac-
teristic of the active state as observed in Oregon R larvae
(51). In contrast to results obtained with Oregon R larvae,
almost no RNA polymerase II can be detected by using im-
munofluorescence staining at this position in BER-1 larvae
of the same developmental stage (52). Similarly, little stain-
ing was observed by using antibodies to topoisomerase I
(Fig. 5). This result indicates that the localization of topoiso-
merase I as detected here is closely correlated with the actu-
al transcription event in the process of gene activation.

DISCUSSION
Analysis of the distribution pattern ofDNA topoisomerase I
in the polytene chromosomes of Drosophila by using affini-
ty-purified antibodies indicates a significant concentration of
the enzyme at loci known to be transcriptionally active, in-
cluding the nucleolus. This correlation with transcription is
best demonstrated by examination of the heat shock puffs.

The major heat shock loci 87A and 87C are not stained at all
using chromosomes from control larvae but stain brightly in
chromosomes from heat-shocked animals in which the gene
is being transcribed at a high rate. The correlation can be
confirmed by analysis of mutant loci. Staining with anti-to-
poisomerase I at locus 3C11-12 is severely reduced in BER-1
larvae (in which no transcription is detected) compared to
that seen in Oregon R larvae (in which that gene is active).

It should be noted that in a detailed comparison of the dis-
tribution patterns of topoisomerase I and RNA polymerase
II, one sees many similarities but does not see coincidence.
Several factors may contribute to the differences observed.
Comparisons are made by using fragments of one salivary
gland to ensure that all cells are at the same developmental
stage. Nonetheless, different cells may have slightly differ-
ent patterns of transcription. In this assay it is the presence,
rather than the activity of the enzyme, that is being detected;
the timing of association/dissociation of various components
of the transcription complex may vary. Lastly, topoisomer-
ase I might be associated with loci transcribed by RNA poly-
merase III, which would not be stained by the antiserum
against RNA polymerase II used here.

In considering the process of gene activation and tran-
scription, two major roles have been suggested for topoiso-
merase I. First, the enzyme might be involved in necessary
alterations of chromatin structure; second, it might be re-
quired for efficient transcription of the chromatin template
per se. Recent evidence suggests that the chromatin struc-
ture at the 5' end of active and/or activatable genes may
reflect supercoiling of the DNA (53, 54). Studies of the extra-
chromosomal genes for rRNA (rDNA) of Tetrahymena have
indicated the presence of a nuclease activity with analogies
to topoisomerase I in the immediate neighborhood of the 5'
DNase I hypersensitive sites (55). In addition to such local-
ized effects, several studies indicate that transcriptional acti-
vation requires a broad change in the configuration of the
chromatin template to a form that is more sensitive to nu-
cleases (56-61). Changes in the linking numbers of yeast
plasmids that are related to the expression of genes residing
on the plasmids have also been observed (62).

It might be supposed that structural changes of the type
noted above would require relatively little topoisomerase I,
with only one or a few molecules associated with each gene.
However, the cellular concentration of topoisomerase I
would appear to be in excess of such requirements. Liu and
Miller (63) have estimated that there is one molecule of to-
poisomerase I for every 10 nucleosomes in the calf thymus
nucleus; if the enzyme is localized in active regions, as seen
here, the concentration will be even greater, perhaps one
molecule per nucleosome. Although it is not possible to
quantitate the staining reaction in the present study, the vi-
sual impression is that the staining of puffs is comparable to
that obtained with anti-RNA polymerase II, suggesting the
presence of many molecules per haploid genome at these
loci. Indeed, the enzyme appears to be present in the Dro-
sophila nucleus at a level roughly equivalent to that of RNA
polymerase 11 (31). These considerations suggest that the
bulk of the topoisomerase I observed in the present study
plays a role in the transcriptional process itself. It should be
possible to gain further insight into the roles of topoisomer-
ase I by a similar immunocytological analysis of well-charac-
terized mutants of Drosophila, in which a specific failure of
gene activation and/or transcription can be attributed to a
specific change in the DNA sequences at the locus. Such
experiments can now be designed by utilizing in vitro alter-
ation of a DNA sequence followed by P-factor-mediated
transformation of Drosophila (64).

We thank Sue Abmayr for technical assistance, A. Greenleaf
(Duke University) both for antibodies against Drosophila RNA

Biochemistry: Fleischmann et aL



6962 Biochemistry: Fleischmann etaLP

polymerase II and for a sample of the purified enzyme, and T.-s.
Hsieh (Duke University) for a sample of DNA topoisomerase II.
This work was supported by grants from the National Science Foun-
dation, the National Institutes of Health, and the American Cancer
Society (to S.C.R.E.) and by grants from the National Institutes of
Health and the American Cancer Society (to J.C.W.). G.F. and G.P.
were supported by fellowships from the Deutsche Forschungsge-
meinschaft.

1. Tissieres, A., Mitchel, H. K. & Tracy, U. M. (1974) J. Mol.
Biol. 84, 389-398.

2. Cohen, L. H. & Gotchel, D. V. (1971) J. Biol. Chem. 246,
1841-1848.

3. Elgin, S. C. R. & Boyd, J. B. (1975) Chromosoma 51, 135-
145.

4. Woodcock, C. L. F., Safer, J. P. & Stanchfield, J. E. S.
(1976) Exp. Cell Res. 97, 101-110.

5. Bonner, J. J. & Pardue, M. L. (1976) Cell 8, 43-50.
6. Hill, R. J., Mott, M. R., Burnett, E. J., Abmayr, S. M.,

Lowenhaupt, K. & Elgin, S. C. R. (1982) J. Cell Biol. 95, 262-
266.

7. Silver, L. M. & Elgin, S. C. R. (1976) Proc. Natl. Acad. Sci.
USA 73, 423-427.

8. Alfageme, C. R., Rudkin, G. T. & Cohen, L. H. (1976) Proc.
Natl. Acad. Sci. USA 73, 2038-2042.

9. Alfageme, C. R., Rudkin, G. T. & Cohen, L. H. (1980) Chro-
mosoma 78, 1-31.

10. Silver, L. M. & Elgin, S. C. R. (1977) Cell 11, 971-983.
11. Saumweber, H., Symmons, P., Kabisch, R., Will, H. & Bon-

hoeffer, F. (1980) Chromosoma 80, 253-288.
12. Mayfield, J. E., Serunian, L. A., Silver, L. M. & Elgin,

S. C. R. (1978) Cell 14, 539-544.
13. Howard, G. C., Abmayr, S. M., Shinefeld, L. A., Sato, V. L.

& Elgin, S. C. R. (1981) J. Cell Biol. 88, 219-225.
14. Plagens, U., Greenleaf, A. L. & Bautz, E. K. F. (1976) Chro-

mosoma 59, 157-165.
15. Jamrich, M., Greenleaf, A. L. & Bautz, E. K. F. (1977) Proc.

Natl. Acad. Sci. USA 74, 2079-2083.
16. Jamrich, M., Haars, R., Wulf, E. & Bautz, E. K. F. (1977)

Chromosoma 64, 319-326.
17. Elgin, S. C. R., Serunian, L. A. & Silver, L. M. (1978) Cold

Spring Harbor Symp. Quant. Biol. 42, 839-850.
18. Christensen, M. E., LeStourgeon, W. M., Jamrich, M., How-

ard, G. C., Serunian, L. A., Silver, M. L. & Elgin, S. C. R.
(1981) J. Cell Biol. 90, 18-24.

19. Champoux, J. J. (1978) Annu. Rev. Biochem. 47, 449-479.
20. Wang, J. C. & Liu, L. F. (1979) in Molecular Genetics: Part 3,

ed. Taylor, J. H. (Academic, New York).
21. Cozzarelli, N. R. (1980) Science 207, 953-960.
22. Wang, J. C. (1981) in Nucleases, eds. Linn, S. M. & Roberts,

R. J. (Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY), pp. 41-57.

23. Gellert, M. (1981) Annu. Rev. Biochem. 50, 879-910.
24. Wang, J. C. (1981) in The Enzymes, ed. Boyer, P. D. (Academ-

ic, New York), 3rd Ed., 14a, pp. 332-344.
25. Liu, L. F. (1983) CRC Crit. Rev. Biochem. 15, 1-24.
26. Maaloe, 0. & Kjeldgaard, N. 0. (1966) Control ofMacromo-

lecular Synthesis (Benjamin, New York).
27. Wang, J. C. (1973) in DNA Synthesis in Vitro, eds. Wells,

R. D. & Inman, R. B. (University Park Press, Baltimore), pp.
163-174.

28. Higashinakagawa, T., Wahn, H. & Reeder, R. H. (1977) Dev.
Biol. 55, 375-386.

29. Weisbrod, S. T. (1982) Nucleic Acids Res. 10, 2017-2042.
30. Javaherian, K. & Liu, L. F. (1983) Nucleic Acids Res. 11,

3487-3491.
31. Javaherian, K., Tse, Y.-C. & Vega, J. (1982) Nucleic Acids

Res. 10, 6945-6955.
32. Laemmli, U. K. (1979) Nature (London) 227, 680-685.
33. Tjian, R., Stinchcomb, D. & Losick, R. (1974) J. Biol. Chem.

250, 8824-8828.
34. Olmsted, J. B. (1981) J. Biol. Chem. 256, 11955-11957.
35. Towbin, H., Staehelin, T. & Gordon, J. (1979) Proc. Natl.

Acad. Sci. USA 76, 4350-4354.
36. Seed, B. (1982) Nucleic Acids Res. 10, 1799-1810.
37. Hsieh, T.-s. & Brutlag, D. (1980) Cell 21, 115-125.
38. Weeks, J. R., Coulter, D. E. & Greenleaf, A. L. (1982) J. Biol.

Chem. 257, 5884-5891.
39. Ritossa, F. (1962) Experientia 18, 571-573.
40. Ashburner, M. (1972) in Developmental Studies on Giant

Chromosomes, ed. Beerman, W. (Springer, New York), pp.
101-151.

41. McKenzie, S. L., Henikoff, S. & Meselson, M. (1975) Proc.
Natl. Acad. Sci. USA 72, 1117-1121.

42. Spradling, A., Penman, S. & Pardue, M. L. (1975) Cell 4, 395-
404.

43. Ellgaard, E. G. & Clever, U. (1971) Chromosoma 36, 60-78.
44. Yen, P. H., Sodja, A., Cohen, M., Conrad, S. E., Wu, M. &

Davidson, N. (1977) Cell 11, 763-777.
45. Wimber, D. E. & Steffensen, D. M. (1970) Science 170, 639-

641.
46. Becker, J. H. (1959) Chromosoma 10, 654-678.
47. Korge, G. (1977) Chromosoma 62, 155-174.
48. McGinnis, W., Farrel, J. & Beckendorf, S. K. (1980) Proc.

Natl. Acad. Sci. USA 77, 7367-7371.
49. Muskavitch, M. A. T. & Hogness, D. S. (1982) Cell 29, 1041-

1051.
50. Muskavitch, M. A. T. & Hogness, D. S. (1980) Proc. Natl.

Acad. Sci. USA 77, 7362-7366.
51. Shermoen, A. W. & Beckendorf, S. K. (1982) Cell 29, 601-

607.
52. Steiner, E., Eissenberg; J. & Elgin, S. C. R. (1984) J. Cell

Biol. 99, 233-238.
53. Larson, A. & Weintraub, H. (1982) Cell 29, 609-622.
54. Weintraub, H. (1983) Cell 32, 1191-1203.
55. Gocke, E., Bonven, B. J. & Westergaard, 0. (1983) Nucleic

Acids Res. 11, 7661-7678.
56. Weintraub, H. & Groudine, M. (1976) Science 193, 848-856.
57. Garel, A. & Axel, R. (1976) Proc. Natl. Acad. Sci. USA 73,

3966-3970.
58. Wu, C., Wong, Y.-C. & Elgin, S. C. R. (1979) Cell 16, 807-

814.
59. Bloom, K. S. & Anderson, J. N. (1978) Cell 15, 141-150.
60. Bloom, K. S. & Anderson, J. N. (1979) J. Biol. Chem. 254,

10532-10539.
61. Lawson, G. M., Knoll, B. J., March, C. J., Woo, S. L. C.,

Tsai, M.-J. & O'Malley, B. W. (1982) J. Biol. Chem. 257,
1501-1507.

62. Nasmyth, K. A. (1982) Cell 30, 567-578.
63. Liu, L. F. & Miller, K. G. (1981) Proc. Natl. Acad. Sci. USA

78, 3487-3491.
64. Rubin, G. & Spradling, A. (1983) Science 218, 348-353.

Proc. Natl. Acad Sci. USA 81 (1984)


