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DNA topoisomerase I (topo I) from Drosophila melanogaster contains a nonconserved, hydrophilic N-terminal
domain of about 430 residues upstream of the conserved core domains. Deletion of this N terminus did not
affect the catalytic activity of topo I, while further removal of sequences into the conserved regions inactivated
its enzymatic activity. We have investigated the cellular function of the Drosophila topo I N-terminal domain
with fopl-lacZ transgenes. There was at least one putative nuclear localization signal within the first 315
residues of the N-terminal domain that allows efficient import of the large chimeric proteins into Drosophila
nuclei. The top1-lacZ fusion proteins colocalized with RNA polymerase II (pol II) at developmental puffs on the
polytene chromosomes. Either topo I or the fop1-lacZ fusion protein was colocalized with RNA pol II in some
but not all of the nonpuff, interband loci. However, the fusion proteins as well as RNA pol II were recruited to
heat shock puffs during heat treatment, and they returned to the developmental puffs after recovery from heat
shock. By immunoprecipitation, we showed that two of the largest subunits of RNA pol II coprecipitated with
the N-terminal 315-residue fusion protein by using antibodies against (3-galactosidase. These data suggest that
the topo I fusion protein can be localized to the transcriptional complex on chromatin and that the N-terminal
315 residues were sufficient to respond to cellular processes, especially during the reprogramming of gene

expression.

Type I DNA topoisomerase (topo I) catalyzes a cycle of
transesterification reactions, during which it generates tran-
sient single-strand DNA breaks; these reversible reactions re-
sult in the topological transformation of either single-strand or
double-strand DNA molecules (8, 20, 55). Biochemical and
genetic studies have demonstrated that topo I plays important
roles in DNA replication, transcription, and recombination
and in chromosome condensation and the maintenance of ge-
nome stability. The fopI gene is not essential for viability in
yeast, and genetic analysis suggests that some of the biological
functions of topo I can be performed by topo II (59). However,
recent genetic screens of Saccharomyces cerevisiae have iden-
tified four complementation groups of mutants with mutations
that, in combination with a fop! mutation, result in a lethal
phenotype. Some of these synthetic lethal mutants have muta-
tions in genes other than top2 (44). Therefore, it is possible
that not all the biological functions of topo I can be substituted
by topo II. Furthermore, because topl is an essential gene in
Drosophila melanogaster (30) and in mice (37), the functions of
topo I may not be efficiently substituted by topo II in multi-
cellular organisms.

One of the functions of topo I is to provide a swivel to
facilitate the unwinding of the DNA duplex during the process
of transcription or replication (56). Diametric DNA supercoil-
ing can transiently accumulate in the front and in the wake of
a transcriptional fork as proposed in the twin-domain DNA
supercoiling model (33). Eukaryotic topo I can relieve both the
positive and negative supercoils generated during the fork
movement. By immunological studies, and the use of campto-
thecin to trap and map topo I cleavages, it has been shown that
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topo I is concentrated at transcriptionally active loci (15, 16,
49, 61). In addition, topo I can serve as a coactivator of specific
gene expression and as a repressor of basal transcription in
vitro through its association with the transcription complex
TFIID (29, 36). The participation of topo I in transcriptional
initiation has been shown by its effect on the assembly of a
complex of TFIID and TFIIA on the promoter (45). These
data reveal an essential role for topo I in transcription.

Based on the amino acid sequence alignment, eukaryotic
topo I enzymes have conserved domains with about 500 amino
acid residues in the central and C-terminal portions, while
their N termini have little homology and have variable lengths,
ranging from 140 residues in S. cerevisiae to 430 residues in D.
melanogaster (20, 26). Despite the fact that the N-terminal
sequences are not conserved, they are characterized by an
abundance of acidic and basic residues, and by their sensitivity
to proteolysis (32, 50). Studies with human (10, 50) and yeast
(5) enzymes have shown that their N-terminal domains are
dispensable for catalytic activity. Although, these N termini are
not required for the strand passage activity of topo I, they may
have important roles in the in vivo functions of topo I; this
remains to be elucidated.

The hydrophilic N-terminal domain of Drosophila topo 1 is
unique, because it is much longer than that of other species,
and it contains clusters of serine and histidine residues that are
shared by other Drosophila gene products (6, 27). In this paper,
we present data relating to the functions of the N terminus of
Drosophila topo 1. The N terminus was inconsequential for its
catalytic activity, as is the case in other species. Furthermore,
our studies of N-terminal fusion constructs with a reporter
protein, B-galactosidase (B-gal) have demonstrated that the
N-terminal domain directs the chimeric products to transcrip-
tionally active loci in the polytene chromosomes and that the
fusion proteins are present in a complex that also contains
RNA polymerase II (pol II).
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MATERIALS AND METHODS

Plasmid constructions. N-terminal deletion constructs are denoted ND, fol-
lowed by the number of residues deleted from the N terminus. ND472 and
ND582 were made by deleting DNA sequences in pETL6 (27) from the Nhel site
near the T7 promoter to the unique Sacl and Stul sites, respectively. ND423 was
engineered by synthesizing a truncated topo I cDNA fragment with PCR. The
primers used in this PCR were 5'GCCAAGGATCCGGAGGTTTGGCGATG
G3' (nucleotides 1528 to 1543 in topl cDNA) and 5'GAACAGGCCTGGCGG
CTC3' (nucleotides 1994 to 2011). The italicized sequence in the first oligonu-
cleotide is not homologous to topo I cDNA, and the underlined sequences in the
oligonucleotides correspond to BamHI and Stul sites, respectively. After diges-
tion with restriction enzymes BamHI and Stul, the PCR fragment was inserted
into the BamHI-Stul sites of expression vector pETL6 to generate ND423. All
the constructs were first introduced to the bacterial strain AG1 (Stratagene, La
Jolla, Calif.) and sequenced to confirm the junction DNA sequences before they
were moved into the expression strain BL21 (DE3, pLysS) (Novagen, Inc.,
Madison, Wis.).

NF fusion constructs were made by a two-step construction scheme to gener-
ate the Drosophila topo I N-terminal fusion constructs. They are designated NF,
followed by a number representing the length of the topo I N-terminal sequence.
The first step of cloning involved the vector, C4-Bgal/BS (a generous gift from P.
Schedl, Princeton University), that was generated by inserting the lacZ gene and
simian virus 40 poly(A) tail sequences from pC4Bgal (52) into polylinker sites of
Bluescript plasmid (Stratagene). The ends generated from Xmal digestion of
C4-Bgal/BS were flushed by treatments of either T4 DNA polymerase to fill in
ends or mung bean nuclease to remove protruding ends before the second
digestion with XA01. Two inserts containing topo I N-terminal domains, a 1.87-kb
XhoI-Stul fragment and a 3.0-kb XhoI-Ndel fragment, were purified by digestions
of the topl cDNA clone, ctopl.2 (26, 27). The Ndel site of the Xhol-Ndel
fragment had been treated with T4 DNA polymerase before the Xhol digestion.
The Xhol-Stul fragment was inserted into mung bean nuclease-treated C4-
Bgal/BS to generate NF582, while the XhoI-Ndel fragment was ligated to the T4
polymerase-treated vector DNA to create NF964.

Two shorter constructs, NF315 and NF438, were constructed from a PCR
product, which was amplified by the universal primer and oligonucleotide I-56
(5'GCCAAGGATCCACGCCATCGGCACGCTT3') from ctopl.2. The 3" end
sequence of oligonucleotide I-56 corresponds to nucleotides 1572 to 1556 in top1
cDNA. The italicized sequence in the 5’ end is the nonhomologous part, and the
underlined portion is a BamHI site. The 1.45-kb PCR product was digested with
two sets of enzymes: Xhol plus BamHI and Xhol plus Bcll. The resulting 1.4-kb
Xhol-BamHI fragment and 1.2-kb Xhol-Bcll fragment were cloned into Xhol and
BamHI sites of C4-Bgal/BS to generate NF438 and NF315, respectively.

These four constructs were verified by sequencing analysis at the cloning
junctions to ensure maintenance of the correct reading frame. Furthermore,
regions of topl segments in three fusion constructs, NF582, NF438, and NF315,
were sequenced throughout to confirm that no mutations were introduced during
the cloning process. All constructs were then subcloned into NotI and Xhol sites
of pCaSpeRhsp83, a derivative of pCaSpeR (40). Consequently, the resulting
fusion genes are under the control of the Asp83 promoter (25).

Expression of topo I and its truncation mutants in BL21 (DE3, pLysS).
Bacterial cultures started from a 50-fold dilution of overnight cultures were
allowed to grow at 37°C for 2 h before induction by adding isopropyl-B-p-
thiogalactoside (IPTG) to 1 mM. The induction proceeded for 5 h at 30°C, and
the cultures were pelleted by centrifugation and stored at —70°C. The frozen
bacterial pellet was thawed in lysis buffer (20 mM NaPO, [pH 7.0], 0.5 M NaCl,
2.5 mM EDTA, 5% glycerol, 1 mM phenylmethylsulfonyl fluoride, 1 pg of
leupeptin and pepstatin per ml). The bacterial lysate was sonicated to ensure
complete lysis and to reduce its viscosity. The cleared lysate was prepared by
centrifugation at 12,000 X g for 20 min. The expression of Drosophila topo I was
monitored by assaying supercoil relaxation activity and by immunoblotting with
an antibody against Drosophila topo I in accordance with the procedures de-
scribed earlier (26).

Drosophila germ line transformation. P-element-mediated transformation of
Drosophila was carried out as described by Rubin and Spradling (43, 48), with the
modification of using a strain carrying a stable genomic source of transposase
(42). Second-chromosome-linked homozygous transformants were used in the
immunofluorescence microscopy because the cytological mapping of chromo-
some puffs is more straightforward in these strains. The lacZ control fly, 28-1
(generously provided by P. Schedl, Princeton University), which expresses B-gal
protein under the control of the Asp83 promoter, was generated with transfor-
mation vector pC4-hsp83AUGRgal, which was derived from pC4-AUG-Bgal
plasmid (52).

Salivary gland staining. Staining of salivary glands was based on a method
previously described (17). Briefly, third-instar larvae were dissected in buffered
1% glutaraldehyde. The color development of the tissue was carried out in 0.2%
X-Gal (5-bromo-4-chloro-3-indolyl-B-p galactopyranoside) (Boehringer Mann-
heim Biochemicals, Indianapolis, Ind.) for 60 to 120 min. The stained salivary
glands were stored in 100% glycerol and imaged on a Leitz DMIL inverted
microscope equipped with a Hamamatsu C5810 camera.

Antibodies. Rabbit antibodies against Drosophila topo I were affinity purified
on a Reacti-Gel agarose column (Pierce Chemical Co., Rockford, Ill.) with
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covalently cross-linked recombinant proteins, either full-length topo I or trun-
cated ND423 protein. The affinity-purified ND423 antibody was used to label the
endogenous topo I, since it could not react with the topo I N-terminal fusion
proteins. Goat affinity-purified immunoglobulin G’s (IgGs) specific for the hy-
perphosphorylated carboxy-terminal domain in the largest subunit of RNA pol 11
(anti-ITo), exon 2 of the largest subunit (anti-E2), and the second-largest subunit
of RNA pol II (anti-IIc) were generous gifts from A. Greenleaf (Duke Univer-
sity). Rabbit anti-B-gal IgG was purchased from Cappel Research Products
(Organon Teknika Corporation, Durham, N.C.). Similar immunofluorescence
data were also obtained with mouse anti-B-gal monoclonal antibodies (Boehr-
inger Mannheim Biochemicals). Species-specific secondary antibodies included
affinity-purified donkey IgGs (multiple-labeling grade) labeled with either fluo-
rescein isothiocyanate or indocarbocyanine (Cy3) (Jackson ImmunoResearch
Laboratories, Inc., West Grove, Pa.).

Polytene chromosome squashes and immunofluorescence microscopy. Prepa-
rations of polytene chromosome squashes and immunofluorescence staining
were as described by Weeks et al. (57, 58). Briefly, salivary glands from late-
third-instar larvae were dissected in phosphate-buffered saline-0.5% Triton
X-100 (PBS-T) and fixed in 3.7% formaldehyde-PBS-T. Polytene chromosomes
were then squashed in 45% acetic acid-1% formaldehyde. For heat shock treat-
ment, third-instar larvae were placed inside microcentrifuge tubes with small
ventilation holes on the lids and submerged in a 37°C water bath for the desired
length of time.

The dilutions of primary antibodies used in immunofluorescence staining were
as follows: rabbit anti-topo I, 1:200; rabbit anti-ND423, 1:100; rabbit anti-B-gal,
1:100 to 1:200; mouse monoclonal anti-B-gal, 25 pg/ml; and goat anti-Ilo, 1:25.
The secondary antibodies were adjusted to a 1-pg/ml final concentration. Normal
donkey serum (4%) was used as blocking reagent before primary- and secondary-
antibody incubations. Chromosome squashes were stained with 20 ng of DAPI
(4',6-diamidino-2-phenylindole dihydrochloride) per ml for 60 s before being
mounted. Fluorescence images were viewed under a Zeiss Axiophot microscope
through a Zeiss X40 Plan-NEOFLUAR objective (oil immersion; NA 1.4), and
captured with a Photometrics STAR I cooled charge-coupled device imaging
system. Image manipulations were carried out with Adobe Photoshop version
3.0.4 software.

Immunoprecipitation of B-gal fusion proteins. Overnight embryos were ho-
mogenized in a lysis buffer (50 mM Tris [pH 8.0], 1% Nonidet P-40, 500 mM
NaCl, 1 mM EDTA, 1 mM dithiothreitol), supplemented with 1 mM phenyl-
methylsulfonyl fluoride and 1 pg of pepstatin, leupeptin, and aprotinin per ml.
Lysates were spun in a microcentrifuge for 30 min at 4°C, and the supernatant
was used for the immunoprecipitation reaction. These extracts were precleared
with protein A agarose beads (Sigma, St. Louis, Mo.; catalog no., P9424) at 4°C
for 20 min. Specific antibodies and protein A beads were added to the precleared
extracts, and the incubation continued for 1 h at 4°C; then the beads were washed
twice with lysis buffer and twice with radioimmunoprecipitation assay buffer (50
mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 0.5% Na deoxycholate,
0.1% sodium dodecyl sulfate [SDS]). The washed products were then analyzed by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting.

RESULTS

Amino-terminal truncations of Drosophila DNA topo 1. To
test the possible biochemical functions of the nonconserved
N-terminal domain of the Drosophila enzyme, we constructed
a series of N-terminal truncation mutants: ND423, ND472, and
ND582 (see Materials and Methods). ND423 lacks the first 423
residues of topo I and contains 549 residues corresponding to
the highly homologous domains. ND472 and NDS582 lack ad-
ditional N-terminal sequences and portions of the conserved
sequences (Fig. 1a and b). These constructs and a full-length
topo I cDNA were cloned into inducible bacterial expression
vector pET3b under the control of a phage T7 promoter (51).

The expression levels of these topo I constructs after IPTG
induction were comparable based on immunoblot analysis of
the bacterial lysates. Furthermore, the sizes of the expressed
peptides were consistent with the calculated molecular masses
(135, 61, 55, and 44 kDa for full-length topo I, ND423, ND472,
and ND582, respectively; data not shown). The catalytic activ-
ities of these truncated topo I peptides were evaluated by
supercoil relaxation analyses. The assays were carried out in
the presence of 1 mM EDTA and in the absence of any diva-
lent cations to inactivate the endogenous bacterial topo I (9,
56). Bacterial lysates containing the full-length protein were
active up to a 1:100 dilution (Fig. 2, lanes 1 to 4). ND423-
containing lysates were also active up to a 1:100 dilution (Fig.
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FIG. 1. Drosophila topo 1 N-terminal deletion and topI-lacZ fusion con-
structs. (a) Schematic diagram of the structural features of the enzyme. The top
of the panel indicates the number of amino acid residues. In the lower part of the
panel, the hatched boxes (II, III, IV, and VI) represent regions of amino acid
sequence homology among topo I proteins from humans, Drosophila melano-
gaster, Arabidopsis thaliana, and budding and fission yeasts (26). The active-site
tyrosine is shown as Y, and +/— and +++/——— refer to charged and hydro-
philic residues. (b) ND423, ND472, and ND582 are three proteins with N-
terminal deletions; they have codons for amino acid residues from 1 to 423, 472,
and 582, respectively, removed from the full-length fopl cDNA. (c) Fusion
constructs of N-terminal segments of topo I and 3-gal. NF stands for N-terminal
fusion, and the suffix numbers are the numbers of amino acid residues of topo I
remaining in the fusion constructs. (d) Linear representation of pCaSpeRhsp83
plasmid with the topI-lacZ insert (not drawn to scale). The solid arrowheads
indicate the 5" and 3’ terminal repeats of the P element, and the thin arrows show
the direction of transcription.

2, lanes 5 to 8); however, lysates from cells with ND472,
ND582, and the vector control were inactive even when as-
sayed undiluted (Fig. 2, lanes 9, 13, and 17). We confirmed the
activities of the full-length and ND423 proteins with partially
purified extracts fractionated on cation exchange column Bio-
Rex 70 (data not shown). These results indicate that the N-
terminal 423 residues of topo I are dispensable for strand
passage activity and that further removal of sequences into the
conserved domains, as in ND472 and ND582, abolishes cata-
lytic function entirely.

Construction and expression of fopl-lacZ fusion proteins.
Although the hydrophilic N terminus is not required for in
vitro topo I activity, it may contain important properties that
are essential in vivo. We explored this possibility by construct-
ing vectors expressing fusion peptides of topo I with B-gal in
Drosophila cells. Four fusion constructs, NF315, NF438§,
NF582, and NF964, in which increasing amounts of amino-
terminal sequence were fused to B-gal by in-frame fusion, were
generated (Fig. 1c and d; see details in Materials and Meth-
ods). These chimeric constructs were under the control of the
hsp83 promoter and were cloned into a P-element transposon
vector derived from pCaSpeR (Fig. 1d). Stable transgenic lines
were obtained by microinjecting vector DNAs into fly embryos
and following established germ line transformation procedures
(43, 48).

Multiple lines of transformants were obtained from each
fusion construct. The expression of these fusion products in the
independent transformants was examined by Western analysis

MoL. CELL. BIOL.

topo I ND423 ND472 ND582 VECTOR

1 2 3 4 5 6 7 8 910111213 141516 17 18 19 20

FIG. 2. Supercoil relaxation activities of bacterial extracts expressing topo I
and truncation mutants. Supercoiled plasmid DNA substrate was incubated with
extracts prepared from bacteria expressing the full-length protein (lanes 1 to 4),
ND423 (lanes 5 to 8), ND472 (lanes 9 to 12), ND582 (lanes 13 to 16), and vector
pET3b (lanes 17 to 20). The DNA products were analyzed by agarose gel
electrophoresis, and the positions of supercoiled (SC) as well as relaxed-circular
(RC) DNA are indicated on the left side. Four successive 10-fold dilutions were
carried out in each set of the activity assays. Lanes 1, 5, 9, 13, and 17 show the
assays of undiluted extracts, while lanes 4, 8, 12, 16, and 20 show the assays with
1,000-fold-diluted extracts. Expression plasmid DNAs, present in higher concen-
trations in the reaction mixtures, were visible in lanes 9 and 17.

using antibodies against either topo I (Fig. 3a) or B-gal (Fig.
3b). All the samples contained endogenous topo I (135 kDa),
and additional species of 158, 174, and 196 kDa were also
detected in extracts from strains NF315, NF438, and NF582,
respectively (Fig. 3a, lanes 2 to 10). The sizes of these fusion
products were consistent with the predicted molecular masses.
These fusion peptides also reacted with anti-B-gal antibody
(Fig. 3b, lanes 2 to 10). Three independent transformants were
analyzed for each fusion construct, and all showed fusion prod-
ucts of the same size for each construct.

None of the NF964 transformants gave the expected 250-
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FIG. 3. Expression of fopl-lacZ fusion proteins in transgenic flies. Protein
extracts from adult flies were prepared as described previously (30), and about 50
ng of total protein from each transgenic sample was loaded on an SDS-5%
PAGE gel. Western blots were probed with either affinity purified rabbit anti-
topo I antibody (a) or rabbit anti-B-gal antibody (b). Lane 1 contains a protein
extract from wild-type flies, and lane 14 contains a protein extract from 28-1 flies
(a transgenic strain transformed with a control construct of B-gal). Lanes 2 to 13
contain adult fly extracts from the following independent transformants: NF315
(lanes 2, 3, and 4), NF438 (lanes 5, 6, and 7), NF582 (lanes 8, 9, and 10), and
NF964 (lanes 11, 12, and 13). Arrows indicate the migration positions of different
fusion products. The solid and open arrowheads label the positions of endoge-
nous topo I and B-gal, respectively. Molecular masses for size markers in kilo-
daltons are indicated under M.
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kDa fusion products according to the immunoblot analyses
(Fig. 3a and b, lanes 11 to 13). However, the existence of the
transgene in the NF964 flies was evident not only from the
dominant eye color change caused by the white gene in the
P-element vector but also by the presence of a PCR fragment
generated with a pair of oligomers in the fop! and lacZ region,
which amplified a DNA fragment of the expected size (data
not shown). It is not known why the expression of the fusion
gene was not observed, but it is possible that the folding and
stability of this large fusion polypeptide were anomalous and
that no functional, intact protein was produced in these fly
strains.

The levels of expression of the fusion proteins in NF315,
NF438, and NF582 appeared to be lower than that of endog-
enous topo I based on immunoblot analyses. It is likely that the
efficiency of electrophoretic transfer was less for the larger
polypeptides. Although the data shown in Fig. 3 were from flies
without heat treatment, heat shock treatment of the transgenic
flies had only a modest effect on the induction of fusion pro-
teins (data not shown). This result is consistent with the ob-
servation that the ssp83 gene is constitutively expressed in all
developmental stages, and is not restricted to heat shock in-
duction (35, 62).

Nuclear localization of fopI-lacZ fusion proteins. Since topo
I is a nuclear enzyme, it is possible that one of the functions
residing in the nonconserved N-terminal domain is nuclear
localization. We examined the subcellular distribution of the
fusion proteins by a histochemical B-gal staining assay, which
converted X-Gal into blue precipitates. While salivary glands
from the wild-type control showed no endogenous B-gal activ-
ity (Fig. 4c), the transgenic fly (28-1), which carried B-gal
driven by an Asp83 promoter, showed an even distribution of
the stains throughout the salivary gland (Fig. 4b). In this non-
fusion B-gal control, nuclear staining varied from a slight ac-
cumulation to exclusion from the nucleus. Therefore, B-gal
does not have a specific nuclear localization function, a finding
consistent with the earlier observations that 3-gal expressed in
yeast cells was not imported into nuclei (39, 47). In a marked
contrast, specific and intense staining was restricted to the
nuclei in the salivary gland and surrounding tissue in the
NF315 transgenic fly (Fig. 4a). Similar staining patterns were
also observed from NF438 and NF582 (data not shown). Con-
sistent with the immunoblot experiments, no staining was ob-
served in the NF964 fly, suggesting that there is very little or no
expression of the functional fusion peptide from NF964. The
clear differentials between the cytoplasmic and nuclear stain-
ing in NF315 suggest that the N-terminal 315 residues in topo
I contain a signal for nuclear localization to allow efficient
import of large B-gal fusion proteins into nuclei.

Localization of fop1-lacZ fusion proteins on the developmen-
tal puffs in polytene chromosomes. Both biochemical and ge-
netic studies have suggested that there are important functions
for topo I in transcription (20, 55). For example, topo I is
associated with the chromatin domains, where there is active
transcription (38, 49, 61). Furthermore, topo I has been shown
to colocalize with RNA pol II in developmental puffs of the
polytene chromosomes by immunofluorescence staining (15).
Since the topI-lacZ fusion proteins were efficiently transported
into nuclei, we proceeded to examine if these proteins can be
targeted to regions of transcription just like the full-length
topo 1.

Polytene chromosome squashes prepared as described pre-
viously (58) were reacted with primary antibodies against ei-
ther B-gal (anti-B-gal) or the largest subunit of RNA pol II
(anti-Ilo) and then with the appropriate secondary antibodies
with different fluorescence labels to reveal the localization of
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FIG. 4. Nuclear localization of the topI-lacZ fusion protein in salivary glands
detected by X-Gal staining for B-gal activity. Salivary glands from third-instar
larvae of NF315 (a), 28-1 (b), and wild-type (c) flies were prepared as described
in Materials and Methods. The B-gal activity is readily detected in the nuclei of
NF315 transgenic animals and is shown as the dark staining. Note that the
smaller nuclei of adjacent tissue also exhibit the activity (a). Scale bar (b), 100 wm.

antigens in the same polytene chromosome preparation. Con-
trol experiments using either preimmune serum or normal
serum before the secondary antibody or secondary antibody
alone did not reveal any specific signals (data not shown).
However, specific fluorescence signals were observed with ei-
ther anti-B-gal or anti-Ilo antibodies. A typical experiment
with the chromosome squashes obtained from the NF438
transgenic fly is shown in Fig. 5. The localization of the NF438
fusion protein was revealed by the green fluorescence resulting
from fluorescein isothiocyanate-conjugated anti-rabbit IgGs
reacting with the anti-B-gal antibodies (Fig. 5b). The transcrip-
tionally active chromosome puffs are readily identified by the
morphology of the chromosome banding patterns, as well as by
the RNA pol Ilo immunofluorescence staining, shown here as
the red fluorescence from the Cy3-conjugated secondary anti-
bodies (Fig. 5a). Earlier work has established that this affinity-
purified anti-ITo antibody selectively reacts with the phosphor-
ylated form of the 215-kDa subunit of RNA pol II, which is
highly enriched in the chromosome puffs (58). The colocaliza-
tion of the NF438 and RNA pol ITo was evident in the merged
images as the orange-yellow staining (Fig. 5c).

The major developmental puffs, 74EF and 75B, as well as the
minor puffs, 62E, 63F, 71DE, 72CD, and 78D, were clearly
enriched for both topo I fusion proteins and RNA pol Ilo (Fig.
5c) (see reference 3 for a summary of the developmental
puffs). Not shown in this image were the similar colocalization
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FIG. 5. topI-lacZ fusion products colocalize with RNA pol IIo on develop-
mental puffs. Preparations of chromosome squashes from transgenic flies carry-
ing NF438 were reacted with goat anti-Ilo and rabbit anti-B-gal, followed by
species-specific, fluorescence-tagged secondary antibody. Red fluorescence for
RNA pol Io (a) and green fluorescence for B-gal (b) are shown. Panel c is a
superimposed fluorescence image of panels a and b, showing blended colors of
green and red at the indicated developmental puffs. The asterisk in panel ¢ marks
cytological position 66B, which is enriched in topo I fusion protein but not RNA
pol Ilo.
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patterns of other puffs, such as 85F and 88EF, as well as those
of 2B, 5B, and 68C from third-instar larvae at slightly different
developmental stages. While there was a clear colocalization of
topo I fusion proteins and RNA pol Ilo in all the developmen-
tal puffs, this colocalization was apparent in some but not all of
the chromosome loci (red or green staining versus yellow-
orange staining in Fig. 5¢). It should be pointed out that the
differences in the degrees of staining among the interband loci
are less than that between the puff and nonpuff sites and are
sensitive to the experimental conditions and the stages of lar-
vae. The biochemical basis for the differential distributions of
topo I fusion proteins and RNA pol Ilo in some of these
nonpuff chromosome loci is unknown. It is possible that these
loci may represent regions of active transcription by a poly-
merase other than RNA pol Ilo, such as RNA pol Ila (the
hypophosphorylated form of the largest subunit of RNA pol
II) and RNA pol III. For example, cytogenetic position 66B
(Fig. 5¢) is known to contain a cluster of tRNA genes (14, 18),
and this region is enriched in the topI-lacZ fusion protein but
not in RNA pol Ilo. It remains to be demonstrated if this locus
is truly enriched in RNA pol III.

Although the topI-lacZ fusion protein was localized to the
major transcriptionally active loci, further investigation is
needed to demonstrate that topo I N-terminal fusion proteins
are colocalized with the endogenous topo I. It has been shown
that topo I is targeted to the transcriptionally active loci, in-
cluding developmental puffs and as well as those induced by
heat shock treatment (15). We proceeded to investigate
whether the endogenous topo I behaves in a manner similar to
that of the topI-lacZ fusion protein under our experimental
conditions. To be able to distinguish endogenous topo I from
the fusion products, we prepared anti-ND423 antibodies by
affinity purification (see Materials and Methods). The affinity-
purified antibody against ND423 should be specific for the
C-terminal half of topo I; thus it should be reactive only toward
endogenous topo I. As shown by an immunoblot (Fig. 6a),
anti-ND423 antibody recognized the 135-kDa endogenous
topo I in both wild-type and NF315 transgenic flies but did not
detect the 158-kDa N-terminal topo I fusion protein that was
recognized by the anti-B-gal antibody.

The rabbit anti-ND423 and mouse anti-B-gal antibodies
were used in the immunofluorescence experiments to monitor
the localization of endogenous topo I and the topI-lacZ fusion
protein on the polytene chromosomes of untreated and heat-
treated third-instar larvae. The endogenous topo I colocalized
with the NF315 fusion protein at the major developmental
puffs (left panels of Fig. 6b). Similar to what was observed
between fopI-lacZ fusion protein and RNA pol Ilo, the colo-
calization between endogenous topo I and topo I fusion pro-
tein was apparent in some but not all of the nonpuff loci. The
longer fusion constructs, including NF438 and NF582, did not
have significantly different staining patterns for these inter-
band, nonpuff loci (data not shown). However, strict colocal-
ization of these two antigens was found at chromosomal puffs
induced by heat shock at 37°C for 20 min (right panels of Fig.
6b). These experiments demonstrate that both the topl-lacZ
fusion protein and endogenous topo I have similar patterns of
association with chromosomal puffs in these transgenic flies.
Moreover, they provide an additional control that the localiza-
tion of the N-terminal topo I protein at the transcriptionally
active loci is unlikely due to a nonspecific interaction.

Time course of recruitment of fopl-lacZ fusion proteins
upon heat shock treatment. The above experiments demon-
strate that the N terminus of topo I is capable of recruiting
topl-lacZ fusion proteins to transcriptionally active loci in-
duced by heat shock. An environmental stress like heat shock



VoL. 18, 1998

NF315
WT
NF315
WT

205-

—> -

anti-B gal anti-ND423

FIG. 6. topl-lacZ fusion products are recruited to chromosome puffs as the
endogenous topo I. (a) Extracts from wild-type (WT) and NF315 adult flies were
separated on an SDS-7% PAGE gel. Western blots were probed with either
mouse anti-B-gal or affinity-purified rabbit anti-ND423 antibodies. The arrow
indicates the topl-lacZ fusion protein. The size markers are marked on the left
of the Western blot. (b) Immunofluorescence images of both untreated and
heat-shocked polytene chromosomes double stained with affinity-purified rabbit
anti-ND423 and mouse anti-B-gal. DAPI-stained fluorescence images were used
to identify chromosome bands and puffs. The symbols A and # identify devel-
opmental puffs 74EF and 75B, respectively; the symbols A and 4 indicate heat
shock puffs 87A and 87C, respectively.

can repress the developmental puffs and induce new chromo-
somal puffs (3), thus providing an excellent system to monitor
the movement of topo I fusion proteins during the reprogram-
ming of gene expression. We examined the rate at which this
recruitment takes place and whether the N-terminal domain
could mobilize the fusion proteins from heat shock loci during
the recovery from heat treatment. Chromosome squashes pre-
pared from transgenic strain NF315 that had undergone heat
shock treatment for various times were used in these studies.
Only the merged images are shown here. Yellow-orange stain-
ing shows the colocalization of RNA pol Ilo and topl-lacZ
fusion protein (Fig. 7). Fluorescence images of DAPI-stained
squashes were also recorded to facilitate the identification of
chromosome bands and puffs (Fig. 7a’ to j'). Before heat
shock, strong ecdysone-induced puffs 74EF and 75B were
clearly marked with both antigens (Fig. 7a), while the heat
shock loci, 87A and 87C, were not labeled with either antigen
(Fig. 7b). The staining of 74EF and 75B was significantly re-
duced after 10 min of heat shock (Fig. 7c), and staining disap-
peared completely in the samples with 20 (Fig. 7e) and 60 (Fig.
7g) min of heat treatment. There was a parallel accumulation
of both proteins at heat shock loci after 10 (Fig. 7d) and 20
(Fig. 7f) min of heat shock treatment. After a prolonged heat
treatment, heat shock puffs regressed slightly, and the presence
of both proteins persisted, albeit in lesser amounts (60-min
point in Fig. 7h). The dynamic movement of these proteins at
chromosome puffs was also apparent during the cessation of
heat treatment. After 60 min of recovery from heat treatment,
the program for normal developmental expression resumed,
with both proteins reentering the 74EF and 75B puffs (Fig. 7i)
along with their coordinated departure from the heat shock
loci (Fig. 7j). We only highlighted 74EF and 75B for develop-
mental puffs and 87A and 87C for heat shock puffs in these
experiments, but similar dynamic movement of these proteins
was also observed on other major developmental and heat
shock puffs. These results show that the N-terminal 315 resi-
dues can mobilize the fusion proteins to new loci during the
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reprogramming of gene expression as efficiently as the holoen-
zyme of topo L.

Coimmunoprecipitation of RNA pol II with topI-lacZ fusion
protein. Although we have demonstrated the colocalization of
topl-lacZ fusion protein with RNA pol II by immunofluores-
cence microscopy, the coincidence of these two proteins at the
level of immunofluorescence experiments may not necessarily
imply that the N-terminal topo I fusion protein participates in
a transcriptional complex. Therefore, we exploited an immu-
noprecipitation assay to determine whether the N-terminal
topo I fusion protein is a part of a macromolecular transcrip-
tional complex.

Embryo extracts from NF315 were processed for immuno-
precipitation by using either rabbit anti-B-gal antibodies or a
preimmune serum. The immunoprecipitated complex was
washed and analyzed by Western blotting; the blots were
probed with antibodies against the largest (IIa) and the sec-
ond-largest (IIc) subunits of RNA pol II and B-gal (left, mid-
dle, and right panels, respectively, of Fig. 8). These panels
show that anti-B-gal antibodies immunoprecipitated the 158-
kDa topI-lacZ fusion protein and that both the 215- and 140-
kDa subunits of RNA pol II were present in this immunocom-
plex. The preimmune serum did not precipitate either the
topl-lacZ fusion or the RNA pol II subunits (Fig. 8). Further-
more, when embryo extracts from wild-type flies were used in
the immunoprecipitation, no RNA pol II signal was detected
(data not shown). These results demonstrate the presence of
the topo I fusion protein in an immunocomplex containing
RNA pol II, and imply a physical interaction between the
N-terminal domain of topo I and the macromolecular complex
involved in transcription.

DISCUSSION

The function of the hydrophilic N termini in eukaryotic topo
I presents an interesting question. The nonconserved N termi-
nus accounts for nearly half of the molecule in Drosophila topo
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FIG. 7. Localization of topI-lacZ fusion products to the developmental and heat shock-induced puffs during heat treatment. Polytene chromosome squashes were
prepared from NF315 flies with no heat shock (a and b); heat treatment for 10 (c and d), 20 (e and f), or 60 (g and h) min; or recovery at 25°C for 60 min after heat
shock for 60 min (i and j). They were then immunostained with anti-B-gal and anti-IIo antibodies. Merged images are shown here for comparing the colocalizations
of topo I fusion protein and RNA pol Ilo. Panels a’ to j’ are identical to panels a to j except that DAPI fluorescence micrographs are presented for identifying

chromosome puffs.

I. As indicated by earlier results with yeast and human topo I
(5, 10, 50), topo I from the fruit fly does not require its N
terminus for its catalytic activity. It is conceivable that the N
terminus may play a regulatory role(s) for topo I activity in
vivo. One of the phosphorylation sites in topo I has been
mapped to a serine residue in the N terminus (12), and the
phosphorylation of serine and threonine residues can stimulate
supercoil relaxation and DNA cleavage activities (13, 28, 41,
54). It is also possible that the N terminus has additional roles
that are important for the intracellular function of topo I.

Since topo I is a nuclear protein, its N terminus may function
in nuclear import. In a heterologous yeast expression system,
full-length human topo I can be imported into yeast nuclei,
while removal of a 70-residue segment in the N terminus of
human topo I results in its distribution in the cytoplasm (1).
Using a chromogenic assay of 3-gal to detect the localization of
topl-lacZ fusion constructs, we have shown that the N-terminal
315 residues are able to direct the chimeric protein into Dro-
sophila nuclei. It has been documented that the efficiency of
nuclear import is very sensitive to the context of the nuclear
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localization sequence that is linked to this bacterial enzyme
(39). Therefore, the N-terminal 315 residues of Drosophila
topo I must contain potent nuclear localization sequences
which are competent in importing these large B-gal fusion
proteins into nuclei. While the nuclear localization signal
(NLS) in the N terminus of topo I remains to be defined,
sequence analysis revealed a possible candidate NLS from

FIG. 8. Coimmunoprecipitation of RNA pol II with the topI-lacZ fusion
product. Samples from immunoprecipitation with either rabbit preimmune se-
rum (pre-immu) or rabbit anti-B-gal (IP) were separated on an SDS-7% PAGE
gel. Western blots were probed with either affinity-purified goat anti-E2 (exon 2
of RNA pol IIa; left panel), anti-IIc (middle panel), or mouse anti-B-gal (right
panel). The open arrowhead indicates RNA pol IIa, while the solid arrowhead
designates Ilc, the second-largest subunit of RNA pol II. The arrow indicates the
topI-lacZ fusion product. Degradation products from the topI-lacZ protein were
also detected in an anti-f-gal blot.

residues 135 to 150 (KRSSKDKERRDKDKDR). This puta-
tive NLS contains two clusters of basic amino acids spaced nine
residues apart, in agreement with previously described bipar-
tite NLSs (11, 22). We have made a construct that expresses, in
yeast, a green fluorescent protein with these 16 amino acid
residues placed at its C terminus and have found that it was not
imported into yeast nuclei (data not shown). This result does
not necessarily address the issue of whether this sequence can
serve as an NLS in Drosophila cells. It is possible that other
basic residues in this hydrophilic tail may serve such a function.
Alternatively, the NLS may require adjacent residues in addi-
tion to the 16-mer sequence tested here.

We have also demonstrated that the N-terminal 315 residues
can target topl-lacZ fusion proteins to transcriptionally active
loci, where the functions of topo I are required. Mapping the
topo I binding site by DNA cleavage reactions has shown that
the distribution of topo I is enriched in the regions of chro-
matin with active transcription (38, 49, 61). Immunofluores-
cence experiments have also demonstrated that topo I is con-
centrated at the chromosome puffs in Drosophila salivary
glands (15). Our data indicated that the N-terminal 315 resi-
dues were sufficient to direct a large bacterial protein to the
puffs where the hyperphosphorylated form of RNA pol II was
also present. While RNA pol Ilo is always concentrated in the
chromosome puffs, its distribution in the interbands is not
uniform and does not coincide with the distribution of the
hypophosphorylated form of RNA pol II (58). The interband
distributions of both topo I and the fopl-lacZ fusion protein
(Fig. 5) also were not always coincident with that of RNA pol
Ilo. Earlier work also showed that the distribution of topo I
holoenzyme in the chromatin interband is not completely co-
incident with that of RNA pol II (15). The biochemical bases
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for these different patterns of interband distribution are un-
clear. Our data did not address the localizations of RNA pol I,
pol IIa, or pol III at the transcriptionally active loci. However,
the fusion protein is also found in the nucleolus organizers in
the polytene chromosome squashes (data not shown), regions
where ribosomal DNA (rDNA) undergoes active transcription.
It is noteworthy that many lines of evidence have linked topo
I to rDNA transcription (15, 23, 38, 61). Therefore, the N-
terminal topo I sequence may be capable of targeting to rDNA
transcription loci.

As a reaction to an environmental stress like heat shock,
chromatin undergoes rapid and dynamic remodeling to turn off
most of the gene expression and to turn on the genes specifi-
cally associated with heat shock responses (reviewed in refer-
ence 31). The induction of heat shock loci, which results in the
synthesis of heat shock proteins and RNA, is accomplished by
the recruitment of RNA pol II, transcription factors, and other
chromosomal proteins including topo I to heat shock puffs (15,
19, 24, 46, 53, 58). Our immunofluorescence data demon-
strated that the topo I N-terminal sequence enables rapid
mobilization of topo I to the heat shock puffs. This dynamic
mobilization of topl-lacZ fusion proteins was also observed
when heat shock puffs regressed during a prolonged heat treat-
ment and when the developmental puffs were reestablished
after the cessation of heat shock. Therefore, the ability of topo
I to respond to cellular processes, especially during the repro-
gramming of gene expression, may reside completely in the
N-terminal 315 residues.

The biochemical basis for the recruitment of topo I to tran-
scriptionally active loci is not yet established. There are a
number of possible mechanisms underlying the association of
topo I with a transcriptional complex. First, the binding might
be mediated through RNA transcripts. In this case, one would
expect a lag between the localization of the topo I fusion
protein and RNA pol II. However, the topo I fusion protein
appears to colocalize with RNA pol IT in the newly established
heat shock loci even at the earliest detectable point of the heat
treatment (Fig. 7d). While the developmental puffs have not
yet regressed, both topo I fusion protein and RNA pol IT have
already begun to depart from these puffs (compare Fig. 7c’ and
c). These experiments suggest that there is no significant lapse
in time between the movements of the topo I fusion protein
and RNA pol II from the chromosome puffs. Furthermore, by
using a procedure of RNase treatment that can remove nuclear
ribonucleoprotein complexes from polytene chromosome
squashes (2), it was found that immunostaining signals of both
topo I fusion protein and RNA pol II were not diminished in
comparison with those from the control experiment without
RNase treatment (data not shown).

A second possible mechanism for topo I targeting to the
transcriptional complex is that topo I may recognize special
DNA structures associated with a chromatin region undergo-
ing active transcription. Such structures could be, for example,
the positive and negative supercoils present in the front and in
the wake, respectively, of a transcription fork (33). Eukaryotic
topo I is known to be able to recognize and bind to both
positively and negatively supercoiled DNA (7, 34, 38, 60).
However, this explanation can be ruled out, since preferential
binding of topo I to supercoiled DNA is mediated through the
conserved catalytic core domains (34) and the N-terminal 315
residues lack the conserved core domains.

The localization of topo I to the transcriptionally active loci
could be mediated through protein-protein interactions be-
tween the N terminus of topo I and the transcriptional com-
plexes. The hydrophilic patches in the topo I N terminus may
provide a surface for such protein-protein interactions. Recent
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biochemical data demonstrated an interaction of the human
topo I N terminus with either an abundant nucleolar protein,
nucleolin, or Simian virus 40 T antigen (4, 21). By immuno-
precipitation assays, we have demonstrated that the two largest
subunits of RNA pol II coprecipitated with the topI-lacZ fu-
sion protein. This result does not address the question of
whether topo I is directly associated with RNA pol II. How-
ever, topo I has been shown to collaborate with transcription
factor TFIID and to function as a coactivator of specific acti-
vation and as a repressor in in vitro transcription reactions (29,
36). This coactivation by topo I is due to the participation of
topo I in the formation of an active TFIID-TFIIA initiation
complex (45). Interestingly, a topo I mutant with the active-site
tyrosine replaced with phenylalanine still functions as a coac-
tivator, suggesting that coactivation does not require the cat-
alytic activity of topo I (36, 45). Together, these data suggest
that the colocalization of topo I with RNA pol II at chromo-
some puffs could be mediated through the protein-protein
interaction within the transcriptional initiation complex and
that this interaction surface may only involve the N-terminal
315 residues. Although we have not yet identified the minimal
interaction sequence, further investigation of the physical con-
tact between the N terminus of topo I and the transcriptional
complex will provide insight into the molecular mechanism of
the role of topo I in gene expression.

In summary, we have generated a series of Drosophila trans-
genes of the N-terminal topo I sequences linked to B-gal and
have used them to demonstrate that the N-terminal 315 resi-
dues of topo I can target the fusion proteins to transcription-
ally active loci on chromosomes. These topo I fusion trans-
genes may provide useful biochemical and genetic tools to
further probe the biological functions of topo I.
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