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ABSTRACT  DNA topoisomerase II has been immuno-
chemically identified on protein blots as a major polypeptide
component of the Drosophila nuclear matrix—pore complex—
lamina fraction. Indirect immunofluorescence analyses of lar-
val cryosections have confirmed the nuclear localization of to-
poisomerase II in situ. Althongh apparently excluded from the
nucleolus, the topoisomerase protein is otherwise distributed
throughout the interior of interphase nuclei. Similar immuno-
cytochemical studies performed with permeabilized whole gi-
ant cells from third-instar larval salivary glands have shown
topoisomerase II to be largely restricted to the polytene chro-
mosomes. Upon nuclear disassembly during mitosis, the topoi-
somerase polypeptide appears to redistribute diffusely
throughout the cell. Faint immunofluorescent staining of mi-
totic chromosomes is also observed.

The Drosophila melanogaster embryo nuclear matrix—pore
complex-lamina (NMPCL) fraction is operationally defined
as that material which remains insoluble (pellets at 10,000 x
g) during sequential treatments with RNase, DNase, 2% Tri-
ton X-100, and 1 M NaCl (1). By phase-contrast microscopy,
NMPCL components resemble unfractionated nuclei. How-
ever, they are almost entirely devoid of DNA, RNA, phos-
pholipid, and histones. By transmission electron microsco-
py, these nuclear remnants appear as ovoid or spherical
structures surrounded by a limiting layer of fibrous material
presumably derived from the nuclear lamina. They also con-
tain an internal meshwork termed the nuclear matrix. Nucle-
olar remnants can be readily identified within the matrix,
while higher-magnification examination of the NMPCL pe-
riphery reveals the presence of nuclear pore complexes ap-
parently attached to the lamina. The Drosophila NMPCL is
morphologically indistinguishable from fractions similarly
derived from a variety of vertebrate nuclei (2-5). It is also
similar to the rat liver nuclear pore complex-lamina fraction
with regard to elements of the nuclear periphery (6-8).
When analyzed by one-dimensional NaDodSO,/PAGE,
the Drosophila NMPCL is heterogeneous (1). Two major
polypeptides, migrating as a closely spaced doublet in the 74-
to 76-kDa region of the gel, have been shown to be antigeni-
cally related and to be specifically localized to the nuclear
envelope in situ (9). These polypeptides are apparently ho-
mologous to the three vertebrate lamins, A, B, and C (10,
11). A third major NMPCL band, migrating in the 170- to
190-kDa region of the NaDodSO,/polyacrylamide gel, has
been shown to be composed of two immunochemically dis-
tinct polypeptides of nearly identical molecular weight (12).
One, identified as an ATPase/dATPase by direct UV pho-
toaffinity labeling (13), has not yet been localized in situ.
The other, a glycoprotein (1, 12), has been shown to be a
specific component of the Drosophila nuclear envelope (14)

and appears to be homologous to the 190-kDa rat liver nucle-
ar pore complex glycoprotein (15). To date, no quantitatively
major NMPCL polypeptide has been definitively localized to
the nuclear interior in situ.

Recent work in our laboratory on NMPCL ATPases (12,
13) has led to the consideration of DNA topoisomerase II.
Type II DNA topoisomerases catalyze the relaxation of su-
perhelical turns in topologically constrained DNA by a dou-
ble-strand breakage and rejoining mechanism that is depen-
dent on the hydrolysis of ATP (16-18), DNA topoisomerase
II has recently been purified to apparent homogeneity from
Drosophila melanogaster embryos (19, 20). It has been
shown to be a homodimer of a 166-kDa (19) to 170-kDa (20)
subunit, and the catalytic activity has been studied in detail
(19-23). Using an antiserum prepared against the near-ho-
mogeneous enzyme (19), we have been able to quantitate the
distribution of the topoisomerase polypeptide during the
preparation of the Drosophila embryo NMPCL. We have
also been able to examine the localization of this enzyme in
situ by indirect immunofluorescence. The results of these
studies provide information on the polypeptide composition
of the internal nuclear matrix and suggest a structural per-
spective from which to consider the biologic role of type II
DNA topoisomerases.

MATERIALS AND METHODS

The sources of the materials and most of the methods have
been described previously (1, 9, 14). Monoclonal antibody T-
40 (24), directed against the major 74- and 76-kDa Drosophi-
la NMPCL polypeptides, was the generous gift of Peter
Symmons (Tiibingen). Rabbit antiserum to 74- and 76-kDa
NMPCL polypeptides was prepared against gel-purified
antigen (1); rabbit antiserum to DNA topoisomerase II was
prepared against a near-homogeneous preparation of the ac-
tive enzyme (19). Drosophila melanogaster (Oregon R, P2
strain) were grown in mass culture and embryos were col-
lected according to Allis et al. (25). The NMPCL fraction
was prepared from Drosophila embryos as previously de-
scribed (1). Antibodies were affinity purified by using anti-
gens immobilized on nitrocellulose after blot transfer from
NaDodSO,/polyacrylamide gels (9). NaDodSO,/PAGE was
according to Laemmli (26) as modified (1, 12) on 7% (wt/vol)
polyacrylamide gels. Nitrocellulose blot replicas of NaDod-
SO,4/polyacrylamide gels prepared as previously (1) were
probed and developed also as described (9). Indirect immu-
nofluorescence analysis of whole Drosophila cells and tis-
sues and salivary gland polytene chromosomes was per-
formed as previously (1), as was analysis of larval cryosec-
tions (9). Partial purification of the denatured DNA
topoisomerase II polypeptide from the Drosophila NMPCL
fraction was as recently described for the putative nuclear
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pore complex glycoprotein (14). DNA topoisomerase II was
purified to homogeneity in active form from nuclear extracts
of Drosophila melanogaster embryos (19). For antibody-de-
pendent activity neutralization studies, a typic'il assay (23)
included 1 unit of topoisomerase and 0.6 ug of supercoiled
pBR322 DNA in a final reaction volume of 20 ul containing 1
mM ATP, 10 mM Tris"HCI at pH 7.9, 50 mM NaCl, 50 mM
KCl, 5 mM MgCl,, 0.1 mM EDTA, and bovine serum albu-
min at 15 ug/ml. Incubations were for 6 min at 30°C. Sam-
ples were analyzed by electrophoresis on 1% (wt/vol) agar-
ose gels run at 5 V/cm in 100 mM Tris borate, pH 8.3/2 mM
EDTA. Gels were stained with ethidium bromide and photo-
graphed under UV illumination.

RESULTS

NaDodSO,/PAGE and quantitative protein blot analyses of
the subcellular fractions generated during the purification of
nuclei indicated that in 6- to 18-hr-old embryos, approxi-
mately 50% of the 166-kDa topoisomerase II polypeptide
was nuclear; the remaining 50% was apparently cytoplasmic.
Blot analyses of the various fractions generated during the
preparation of the Drosophila NMPCL from purified nuclei
are shown in Fig. 1. The immunoreactive 166-kDa topoiso-
merase polypeptide, readily detectable in the nuclear frac-
tion (Fig. 14, lane N), was not affected by exhaustive diges-
tion with DNase I and RNase A (lane DN). Its association
with the insoluble subnuclear fraction was resistant to the
nuclease treatment and to extraction with nonionic detergent
(lane NS + TXS). This association was largely (approxi-
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Fic. 1. Distribution of DNA topoisomerase II during subfrac-
tionation of purified Drosophila embryo nuclei. (A) Blot of fractions
generated during the preparation of the NMPCL probed with rabbit
anti-topoisomerase antiserum. Five units (1) of the respective frac-
tions were loaded in each lane of the original gel. The serum was
diluted 1:100 prior to probing the blot. Lane designations indicate
the fractions loaded on the original gel: N, nuclei; DN, digested nu-
clei; NS, nuclease supernatant; TXS, Triton X-100 supernatant; SS-
1, first salt wash supernatant; SS-2, second salt wash supernatant;
NMPCL, nuclear matrix-pore complex-lamina fraction. (B) Coo-
massie blue-stained gel lane loaded with 20 units of the NMPCL
fraction and electrophoresed in parallel with the segment used to
generate the blot shown in A. Molecular masses are indicated in

kDa.
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mately 75%) but not completely resistant to disruption with 1
M NaCl (lane SS-1 + SS-2). The putative topoisomerase
subunit was somewhat more resistant to salt extraction than
the 74- and 76-kDa NMPCL polypeptides and slightly less
resistant than the putative pore complex glycoprotein (14).
Histones, in contrast, were fully solubilized in 1 M NaCl af-
ter nuclease treatment (1). A Coomassie blue-stained Na-
DodSO,/polyacrylamide gel electropherogram of the
NMPCL fraction demonstrated that a quantitatively major
polypeptide was coincident in NaDodSO,/PAGE mobility
with the putative topoisomerase subunit seen by blot analy-
sis (compare Fig. 1 A and B, lanes NMPCL).

The multiplicity of minor polypeptide species that were
recognized by the anti-topoisomerase antiserum raised con-
cerns regarding the identification of the major 166-kDa poly-
peptide as the topoisomerase subunit. Therefore, we first
used the homogeneous 166-kDa topoisomerase polypeptide
(19) to affinity purify anti-topoisomerase IgG from the un-
fractionated antiserum. This affinity-purified IgG was com-
pared with the original antiserum in terms of reactivity with
the NMPCL (Fig. 2). Serum (Fig. 2, lane S) and affinity-
purified IgG (lane TOPO) gave similar patterns of reactivity.
As an additional control, IgG was eluted from the 166-kDa
polypeptide band shown in lane TOPO and used to probe a
third blot (Fig. 2, lane NM). [This anti-topoisomerase IgG
was therefore subjected to two cycles of affinity purifica-
tion, first using the homogeneous 166-kDa topoisomerase

subunit purified from the nuclear extract (19) as the affinity -

adsorbant and then 'using the immunoreactive 166-kDa
NMPCL polypeptide.] Within the sensitivity limit of the
analysis, the pattern of immunoreactivity seen with this
twice-affinity-purified IgG was identical with that seen with
the unfractionated serum (lane S).

The unfractionated anti-topoisomerase antiserum used for
these studies was found to have neutralizing activity when
added to a conventional, ATP-dependent, supercoiled DNA-
relaxation assay of topoisomerase II. The anti-topoisomer-
ase IgG, affinity purified with the NMPCL 166-kDa poly-
peptide used as the adsorbant, was also able to specifically
neutralize DNA topoisomerase II activity (Fig. 3). Identical
neutralization data were obtained when ATP-dependent de-
catenation of kinetoplast DNA was used as an alternative
assay of topoisomerase II activity (data not shown).

Two additional steps of protein fractionation were per-
formed to demonstrate that the major 166-kDa NMPCL

S TOPO N

FiG. 2. Blot analysis of topoisomerase II polypeptides associat-
ed with the NMPCL fraction. Blots of the NMPCL fraction were
prepared by electrophoresing 10 units in each lane of a gel. Lane S
was probed with unfractionated antiserum diluted 1:1000. Lane
TOPO was probed with IgG affinity purified from 20 ug of the ho-
mogeneous 166-kDa topoisomerase 11 polypeptide immobilized on
nitrocellulose after NaDodSO,/PAGE. Lane NM was probed with
the IgG eluted from the 166-kDa band of a single nuclear matrix lane
prepared and probed with affinity-purified anti-topoisomerase I1gG
in parallel with the one shown in lane TOPO.
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F16. 3. IgG affinity purified from the 166-kDa NMPCL DNA
topoisomerase II polypeptide neutralizes the enzymatic activity of
purified DNA topoisomerase II. The NMPCL fraction (200 units)
was electrophoresed on a preparative (no individual wells) Na-
DodSO,/polyacrylamide gel and the proteins were transferred to ni-
trocellulose. The blot was probed with serum as in Fig. 2, lane S.
IgG was eluted from the 166-kDa band, concentrated by ammonium
sulfate precipitation, and dissolved in 100 mM NaCl/10 mM
Tris'HCI, pH 7.9/in a final volume of 30 ul. A blank piece of nitro-
cellulose was “eluted” in parallel and the eluate was similarly proc-
essed to provide a control buffer. The affinity-purified IgG or a
compensatory aliquot of the control buffer was added to a standard
topoisomerase reaction mixture and preincubated with the enzyme
(+E) for 3 min in the absence of substrates (ATP and supercoiled
DNA). Amounts of IgG (ul) added are as indicated above each lane.
—E, controls without topoisomerase. The migration positions of the
supercoiled (SC) and relaxed (R) circular DNA molecules are indi-
cated to the right.

polypeptide seen by Coomassie blue staining after one-di-
mensional NaDodSO4/PAGE was, in fact, the immunoreac-
tive topoisomerase subunit. We have previously shown dif-
ferential urea extraction to be an effective means of separat-
ing Drosophila NMPCL polypeptide components (14). Using
this approach, we were able to demonstrate that the solubili-
zation of the majority species of the 166-kDa polypeptide
visualized by Coomassie blue staining paralleled the solubili-
zation of the topoisomerase antigen as shown by blot analy-
sis (data not shown). Further correlation of the major 166-
kDa Coomassie blue-stainable NMPCL polypeptide with the
immunoreactive topoisomerase subunit was obtained by us-
ing NaDodSO,/hydroxylapatite chromatography (12, 14). A
single major 166-kDa polypeptide, identified by Coomassie
blue staining of a NaDodSQO, gel of hydroxylapatite eluate
fractions, was found to chromatograph with the immunore-
active topoisomerase II polypeptide identified on blots (data
not shown).

NMPCL antigen—affinity-purified anti-topoisomerase IgG
was used to localize the topoisomerase polypeptide in situ.
Indirect immunofluorescence analyses of larval cryosec-
tions are shown in Fig. 4. In contrast to the peripheral local-
ization of the 74-kDa and 76-kDa nuclear envelope polypep-
tides shown in Fig. 4 A and B (9, 14), the topoisomerase was
detected virtually throughout the nuclear interior; nucleoli
stained relatively less intensely (Fig. 4 C-F).

Our analysis of topoisomerase II localization was extend-
ed to the giant cells of third instar larval salivary glands.
Cryosections of salivary gland cells showed diffuse intranu-
clear staining similar to that seen in Fig. 4 D and F (data not
shown). However, whole cell squash preparations demon-
strated that DNA topoisomerase II in the giant cell nuclei
was largely restricted to the polytene chromosomes (Fig. 5 A
and B). (This could not be appreciated in the cryosections
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F1G. 4. Immunocytochemical localization of the DNA topoiso-
merase II polypeptide in Drosophila larval cryosections. Monoclo-
nal antibody T-40 directed against the 74- and 76-kDa NMPCL nu-
clear envelope polypeptides, and immunoaffinity-purified anti-to-
poisomerase IgG, prepared as described in Fig. 3, were used to
probe 6-um-thick cryosections of Drosophila third instar larvae. (A
and B) Phase-contrast and fluorescence micrographs, respectively,
of the sections probed with T-40. (C-F) Phase-contrast and fluores-
cence micrographs of cryosections probed with a 1:10 dilution of the
affinity-purified anti-topoisomerase IgG; two representative fields
are shown. The bar in F designates 10 um and is applicable to all
panels. Exposure times for the fluorescence micrographs in B, D,
and F were 45 sec.

due to the close packing of the chromosomes.) Chromo-
somes probed after complete extrusion from the fixed cell
nuclei (Fig. 5 C and D) gave similar results. Staining ap-
peared to be relatively diffuse along the lengths of the chro-
mosome arms, although at higher magnification some band-
ing could be observed. As a control, chromosomes were
probed with IgG specific for 74-kDa and 76-kDa NMPCL
polypeptides (Fig. 5 E and F).

Location of the topoisomerase polypeptide during mitosis
was determined as shown in Fig. 6. Fig. 6 A and B shows the
results obtained with antiserum directed against the 74- and
76-kDa nuclear envelope polypeptides. As has previously
been reported for the rat liver lamins (10, 11, 22), the 74- and
76-kDa Drosophila NMPCL polypeptides become diffusely
localized throughout mitotic cells. As shown in Fig. 6 C and
D, similar results were obtained when mitotic cells were
probed with the affinity-purified antibodies against topoiso-
merase. Faint staining of mitotic chromosomes could also be
detected.

DISCUSSION

An antiserum prepared against purified Drosophila DNA to-
poisomerase II has been used to identify the topoisomerase
polypeptide in subcellular fractions of Drosophila melano-
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FiG. 5. Immunocytochemical localization of the DNA topoiso-
merase II polypeptide in Drosophila salivary gland giant cell poly-
tene chromosomes. Salivary gland cells were squashed and probed
with affinity-purified IgG fractions. (A and B) Phase-contrast and
fluorescence micrographs, respectively, of a squashed cell probed
with a 1:10 dilution of affinity-purified anti-topoisomerase IgG as in
Fig. 4. (C and D) Micrographs of fully extruded chromosomes
probed similarly. (E and F) Micrographs of chromosomes probed
with affinity-purified IgG specific for 74- and 76-kDa NMPCL poly-
peptides. Exposure times for the fluorescence micrographs in B and
D were 45 sec; the exposure in F was 4 min. The bar in F designates
50 um and is applicable to all panels.

gaster embryos. Two pools of this protein have been found.
A “cytoplasmic” fraction remains to be further character-
ized. The nuclear fraction has been studied in detail. Upon
subfractionation of nuclei, the majority of the associated to-
poisomerase copurifies with the NMPCL. In this respect, it
behaves similarly to the major Drosophila NMPCL proteins
characterized previously. Further, topoisomerase II has
been shown to be similar to these other polypeptides in
terms of abundance in the NMPCL fraction. This conclusion
has been substantiated through correlation of polypeptide
identity with immunoreactivity, using both differential urea
extraction and NaDodSO,/hydroxylapatite chromatogra-
phy. These results, in conjunction with the activity neutral-
ization data shown in Fig. 3, establish DNA topoisomerase
I asqla major component of the Drosophila NMPCL frac-
tion.

In contrast with other major NMPCL components studied

¥The identification of topoisomerase II as a NMPCL component
was unanticipated. Topoisomerase II has previously been regarded
as a soluble enzyme and has been purified as such from Drosophila
embryos (19, 20). However, our current observations are not in-
consistent with this. First, it is likely that the cytoplasmic antigen
identified in the present analysis is the source of at least some of
the soluble topoisomerase activity purified by Sander and Hsieh
(20) from whole embryo extracts. It may also be significant that the
specific conditions used by Shelton et al. (19) to extract nuclear
topoisomerase II are qualitatively different from those used to pre-
pare the NMPCL fraction, and they result in nuclear lysis and re-
lease of chromatin. Preliminary results indicate that they also lead
to destabilization of the NMPCL structure.
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F1G. 6. Immunocytochemical localization of the DNA topoiso-
merase II polypeptide in mitotic cells from the Drosophila larval
neural ganglion. Permeabilized neural ganglion cells were probed as
in Fig. 5. (A and B) Orcein stain and fluorescence micrographs, re-
spectively, of a field probed with unfractionated anti-74- and 76-kDa
polypeptides antiserum diluted 1:200. The fluorescence micrograph
in B was from a 30-sec exposure. The large cell designated M in A
and B appears to be in metaphase; fluorescence staining is seen dif-
fusely throughout this cell (B). (C and D) Orcein and fluorescence
micrographs, respectively, of a field probed with affinity-purified
anti-topoisomerase II IgG diluted 1:10 as in Fig. 5. The fluorescence
micrograph in D was from a 90-sec exposure. The large cell desig-
nated M in C and D appears to be in metaphase; fluorescence stain-
ing is seen diffusely throughout this cell (D). Faint staining of mitotic
chromosomes can also be observed. The cell designated P appears
to be in mitotic prophase. Partially condensed chromosomes are
seen in C; the nucleus is still identifiable by fluorescence staining
but the cytoplasm also stains (D). The bar in D designates 25 um and
is applicable to all of the panels.

to date, DNA topoisomerase II has been found to be diffuse-
ly localized throughout the nucleus. No major NMPCL poly-
peptide has previously been identified as a specific compo-
nent of the nuclear interior. Internal nuclear matrix localiza-
tion may also be the case in other species, since it has
recently been reported that approximately 60% of the cellu-
lar topoisomerase II is associated with nuclear matrix frac-
tions isolated from a variety of vertebrates (27).

In the giant cell nuclei of the Drosophila larval salivary
gland, DNA topoisomerase II is apparently restricted to the
polytene chromosomes. Thus, it seems that in this special-
ized cell, topoisomerase II is associated with a structure that
is topologically coextensive with chromosomes. Although
the distribution of topoisomerase II along the polytene chro-
mosomes is not entirely homogeneous, it is sufficiently so as
to preclude simple or immediate conclusions regarding the
significance of the banding pattern seen. Using identical
polytene chromosome preparations, we have been able to
identify another NMPCL component of low abundance that
is specifically localized only to a small group of individual
bands (unpublished observation). It therefore seems unlikely
that diffuse localization of DNA topoisomerase 1I is simply
an artifact of poor chromosome preservation. The diffuse
distribution of DNA topoisomerase 11 is in contrast with the
recent observation that DNA topoisomerase I is associated
primarily with transcriptionally active regions of Drosophila
polytene chromosomes (28).

During mitosis, the topoisomerase polypeptide appears to
be redistributed throughout the mitotic cell. In this respect,
it is similar to the well-characterized nuclear envelope com-
ponents from the Drosophila NMPCL as well as the rat liver
lamins (10, 29) and nuclear pore complex glycoprotein (15).
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This suggests that the molecular dissolution and reassembly
of the peripheral elements of the nucleus during mitosis in
higher eukaryotes (10, 11, 15, 29) may be paralleled by simi-
lar processes involving the internal nuclear matrix. Faint im-
munofluorescent staining of metaphase chromosomes has
also been observed, suggesting involvement of DNA topoi-
somerase II in mitotic chromosome structure. This is con-
sistent with recent observations of Earnshaw and colleagues
(43, 44) regarding the identification of topoisomerase II as a
major component of metaphase chromosome scaffolds iso-
lated from vertebrate cells.

In conclusion, it should be stressed that the identification
of DNA topoisomerase II as a component of the nuclear ma-
trix in vitro cannot be considered proof of such an associa-
tion in vivo. Neither does it establish the biological signifi-
cance of the nuclear matrix. It is possible, for example (the
complete solubilization of histones notwithstanding), that
the association of DNA topoisomerase II with the nuclear
matrix results from artifactual precipitation of soluble pro-
tein during cell fractionation. However, even in view of
these reservations, there are a number of implications to the
observation that DNA topoisomerase II is a major nuclear
matrix component in vitro. The duplex DNA binding site of
the topoisomerase seems ideally suited for anchoring and
regulating the topology of chromosome loops (30-33). Roles
for type II topoisomerases in chromosomal replication, seg-
regation, and transcription, events that have previously been
associated with the nuclear matrix (see, e.g., refs. 3 and 34—
37), have also been proposed (38-41). [With respect to tran-
scription, it is perhaps significant that, unlike DNA topoiso-
merase I (28), DNA topoisomerase II does not appear to be
specifically localized to regions of increased transcriptional
activity on the polytene chromosomes.] Roles in chromo-
some condensation and decondensation during mitosis seem
plausible. From a structural perspective, the use of topoiso-
merase II as a marker for the internal matrix, in conjunction
with markers specific for the nuclear lamina and pore com-
plexes, may now allow direct investigation of the molecular
interactions among these three topological “subdomains” of
isolated NMPCL structures. It is similarly reasonable to ap-
proach the biochemistry of nuclear assembly and disassem-
bly with respect to DNA topoisomerase II as well as with
respect to the lamins and the pore complex glycoprotein. It
is likely that information forthcoming from such experiments
will ultimately be important for a detailed biological under-
standing of the NMPCL fraction and, perhaps, of DNA to-
poisomerase II as well.

We express our appreciation to Steven Weiss for providing the
immunocytochemical data shown in Fig. 5 E and F and to Barbara
Yoza for performing the topoisomerase neutralization assays using
catenated kinetoplast DNA. These studies were supported by Re-
search Grants GM-33132 and GM-33944 from the National Institutes
of Health.

1. Fisher, P. A., Berrios, M. & Blobel, G. (1982) J. Cell Biol. 92,
674-686.

2. Berezney, R. & Coffey, D. S. (1977) J. Cell Biol.'13, 616-637.

3. Buckler-White, A. J., Humphrey, G. W. & Pigiet, V. (1980)
Cell 22, 37-46.

4. Long, B. H., Huang, C.-Y. & Pogo, A. O. (1979) Cell 18,
1079-1090.

N

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.
30.
31.
32.
33.
34.
3s.
36.
37.
38.
39.

41.
42.

43.

R

Proc. Natl. Acad. Sci. USA 82 (1985)

van Eekelen, C. A. G. & van Venrooij, W. J. (1981) J. Cell
Biol. 88, 554-563.

Aaronson, R. P. & Blobel, G. (1974) J. Cell Biol. 62, 746-754.
Aaronson, R. P. & Blobel, G. (1975) Proc. Natl. Acad. Sci.
USA 72, 1007-1011.

Dwyer, N. & Blobel, G. (1976) J. Cell Biol. 70, 581-591.
Smith, D. E. & Fisher, P. A. (1984) J. Cell Biol. 99, 20-28.
Gerace, L. & Blobel, G. (1982) Cold Spring Harbor Symp.
Quant. Biol. 46, 967-978.

Gerace, L., Blum, A. & Blobel, G. (1978) J. Cell Biol. 79, 546—
566.

Berrios, M., Filson, A. J., Blobel, G. & Fisher, P. A. (1983) J.
Biol. Chem. 258, 13384-13390.

Berrios, M., Blobel, G. & Fisher, P. A. (1983) J. Biol. Chem.
258, 4548-4555.

Filson, A. J., Lewis, A., Blobel, G. & Fisher, P. A. (1985) J.
Biol. Chem. 260, 3164-3172.

Gerace, L., Ottaviano, Y. & Kondor-Koch, C. (1982) J. Cell
Biol. 95, 826-837.

Cozzarelli, N. R. (1980) Science 207, 953-960.

Gellert, M. (1981) Annu. Rev. Biochem. 50, 879-910.

Gellert, M. (1981) in The Enzymes, ed. Boyer, P. (Academic,
New York) 3rd Ed., Vol. 14, pp. 345-366.

Shelton, E. R., Osheroff, N. & Brutlag, D. L. (1983) J. Biol.
Chem. 258, 9530-9535.

Sander, M. & Hsieh, T.-S. (1983) J. Biol. Chem. 258, 8421-
8428.

Hsieh, T.-S. (1983) J. Biol. Chem. 258, 8413-8420.

Osheroff, N. & Brutlag, D. L. (1983) in Mechanisms of DNA
Replication and Recombination, ed. Cozzarelli, N. R. (Liss,
New York), pp. 55-64.

Osheroff, N., Shelton, E. R. & Brutlag, D. L. (1983) J. Biol.
Chem. 258, 9536-9543.

Risau, W., Saumweber, H. & Symmons, P. (1981) Exp. Cell
Res. 133, 47-54.

Allis, C. D., Waring, G. L. & Mahowald, A. P. (1977) Dev.
Biol. 56, 372-381.

Laemmli, U. K. (1970) Nature (London) 227, 680-685.
Halligan, B. D., Small, D., Vogelstein, B., Hsieh, T.-S. & Liu,
L. F. (1984) J. Cell Biol. 99, 128a (abstr.).

Fleischmann, G., Pflugfelder, G., Steiner, E. K., Javaherian,
K., Howard, G. C., Wang, J. C. & Elgin, S. C. R. (1984) Proc.
Natl. Acad. Sci. USA 81, 6958-6962.

Gerace, L. & Blobel, G. (1980) Cell 19, 277-287.

Benyajati, C. & Worcel, A. (1976) Cell 9, 393-407.

Marsden, M. P. F. & Laemmli, U. K. (1979) Cell 17, 849-858.
Paulson, J. R. & Laemmli, U. K. (1970) Cell 12, 817-828.
Mirkovitch, J., Mirault, M.-E. & Laemmli, U. K. (1984) Cell
39, 223-232.

Pardoll, D. M., Vogelstein, B. & Coffey, D. S. (1980) Cell 19,
527-536.

Robinson, S. 1., Nelkin, B. D. & Vogelstein, B. (1982) Cell 28,
99-106.

Ross, D. A., Yen, R.-W. & Chae, C. B. (1982) Biochemistry
21, 764-771.

Vogelstein, B., Pardoll, D. M. & Coffey, D. S. (1980) Cell 22,
79-85.

DiNardo, S., Voelkel, K. & Sternglanz, R. (1984) Proc. Natl.
Acad. Sci. USA 81, 2616-2620.

Steck, T. R. & Drlica, K. (1984) Cell 36, 1081-1088.

Glikin, G. C., Ruberti, I. & Worcel, A. (1984) Cell 37, 33-41.
Ryoji, M. & Worcel, A. (1984) Cell 37, 21-32.

Berrios, M., Osheroff, N. & Fisher, P. A. (1984) J. Cell Biol.
99, 128a (abstr.).

Earnshaw, W.C., Halligan, B., Cooke, C. A., Heck,
M. M. S. & Liu, L. F. (1985) J. Cell Biol. 100, in press.
Earnshaw, W. C. & Heck, M. M. S. (1985) J. Cell Biol. 100, in
press.



