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The protein on ecdysone puffs (PEP) is associated preferentially with active ecdysone-inducible puffs on
Drosophila polytene chromosomes and contains sequence motifs characteristic of transcription factors and
RNA-binding proteins (S. A. Amero, S. C. R. Elgin, and A. L. Beyer, Genes Dev. 5:188-200, 1991). PEP is
associated with RNA in vivo, as demonstrated here by the sensitivity of PEP-specific chromosomal immuno-
staining in situ to RNase digestion and by the immunopurification of PEP in Drosophila cell extract with
heterogeneous nuclear ribonucleoprotein (hnRNP) complexes. As revealed by sequential immunostaining, PEP
is found on a subset of chromosomal sites bound by the HRB (heterogeneous nuclear RNA-binding) proteins,
which are basic Drosophila hnRNPs. These observations lead us to suggest that a unique, PEP-containing
hnRNP complex assembles preferentially on the transcripts of ecdysone-regulated genes in Drosophila
melanogaster presumably to expedite the transcription and/or processing of these transcripts.

Developmentally regulated gene expression in Drosophila
melanogaster is visible cytologically as a predictable series
of puffing patterns on the giant polytene chromosomes found
in third-instar larval salivary glands (6). This gene activity is
regulated primarily at the level of transcription by the steroid
hormone ecdysone (7, 20), culminating in metamorphosis
(44). As originally predicted by Ashburner and colleagues (5,
7), the major regulatory proteins in the ecdysone cascade
appear to be ecdysone-regulated transcription factors (9, 12,
14, 16-18, 22, 42, 51, 52), but unforeseen accessory factors
also are necessary for the proper function of certain isoforms
of the ecdysone receptor (25, 55). Central to the transcrip-
tional cascade model is the accurate temporal appearance of
these major regulatory factors (3, 5, 50), which is controlled
by the threshold responses of the different regulatory genes
to different titers of ecdysone (23) and by these factors'
appropriate combinatorial interactions with the ecdysone-
inducible genes (19).
The Drosophila protein on ecdysone puffs (PEP) binds

preferentially to the subset of chromosomal sites that are
activated by ecdysone, as visualized by chromosomal immu-
nostaining (1). Within the PEP polypeptide sequence exist
multiple, potential nucleic acid-binding motifs and putative
protein-protein interaction domains that might be expected
for an accessory regulator in the hormone cascade (1), but
the binding characteristics and function of the protein are not
known. Our new observations show that PEP associates
with RNA at chromosomal ecdysone puffs to form tran-
script-specific heterogeneous nuclear ribonucleoprotein
(hnRNP) complexes. No other known protein possesses the
characteristic of being an hnRNP found preferentially on
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coordinately regulated genes. We suggest that PEP may
function preferentially in the generation or maturation of
transcripts from ecdysone-induced genes.

MATERIALS AND METHODS

Immunofluorescence assays. Immunofluorescence analyses
of polytene chromosomes were conducted by the methods of
Silver and Elgin (46), as modified by James and Elgin (21)
and Amero et al. (1). Salivary glands were dissected from
third-instar larvae in Cohen and Gotchell medium G contain-
ing 0.5% Nonidet P-40 and incubated in a formaldehyde
fixative solution; chromosomes were then squashed in 45%
acetic acid (4). Hybridoma cell supernatant containing
monoclonal antibody (MAb) Y1D2 was incubated on slides
for 2 h at 23°C, the slides were rinsed in Tris-buffered saline
(TBS) (50 mM Tris-HCl [pH 7.6], 150 mM NaCl) containing
0.05% Tween 20, and fluorescein isothiocyanate-conjugated
goat anti-mouse Ab (ICN Immunobiologicals) diluted
1:1,000 in TBS was subsequently incubated on the slides for
1 h at 23°C. The chromosomes were photographed through a
Leitz Orthomat fluorescence microscope using Kodak Tri-X
film. For sequential stainings, the chromosomes were
washed with TBS containing 0.05% Tween 20 and incubated
with HRB-specific rabbit antiserum diluted 1:500 in blocking
buffer. The rabbit Abs were detected by using rhodamine-
conjugated sheep anti-rabbit Ab (ICN Immunobiologicals)
diluted 1:300 in TBS, and the photographywas repeated with
different optics. Control experiments confirmed that these
secondary antibodies and optical systems do not overlap (2).
For immunofluorescence staining of intact tissues, sali-

vary glands were dissected in Cohen and Gotchell medium G
containing 0.5% Nonidet P-40 (4). For RNase treatments,
approximately half of the glands were incubated in TBS and
the other half were incubated in TBS plus 50 ,ug of preboiled
RNaseA (Sigma) per ml for 30 min at room temperature. For
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DNase treatments, approximately half of the glands were
incubated in TBS plus 10 mM MgCl2 and the other half were
incubated in TBS plus 10 mM MgCl2 containing 50 U of
RNase-free DNase I (Promega) per ml. The glands were
transferred to TBS plus 0.05% Tween 20 for 5 min and were
treated with formaldehyde fixative (as described above) for
25 min at room temperature. To permeabilize the glands,
they were treated with TBS plus 1% Triton X-100 for 15 min
at room temperature and subsequently washed in TBS plus
0.05% Tween 20. Finally, the glands were immunostained by
incubation in hybridoma cell supernatant containing the
PEP-specific MAb Y2A11 (1) for 2 h at room temperature,
rinsed in TBS plus 0.05% Tween 20, and incubated in the
secondary antibody described above. Glands were washed
again in TBS plus Tween 20 and mounted under a siliconized
coverslip in GelMount (BioMeda). The control and nuclease-
treated glands were photographed as described above.
Chromosomes from nuclease-treated salivary glands were

squashed in 45% acetic acid following the formaldehyde
treatment, stained with MAb Y1D2 culture supernatant as
described above, and treated with fluorescein isothiocy-
anate-conjugated goat anti-mouse secondary Ab (Cappel
Laboratories) diluted 1:500 in TBS containing 10% normal
goal serum (Gibco/BRL).

Cell culture. Drosophila Schneider II (S2) cells were
grown to a density of -2 x 106 cells per ml in spinner culture
in Drosophila Schneider's medium (Gibco/BRL), 10% char-
acterized fetal bovine serum (HyClone), and 1% penicillin-
streptomycin (GIBCO). The initial volume of the spinner
cultures (100 ml) was doubled daily for 2 days prior to
harvest to reach a final total volume of 500 ml.

Preparation of nuclear extract. Nuclei were isolated and
nuclear extract was prepared according to the procedures of
Risau et al. (38); as described in the legend to Fig. 3, washed
cells were homogenized in a buffer containing Triton X-100
and then vortexed and washed in TEN buffer (10 mM
Tris-HCl [pH 8.0], 100 mM NaCl, 1.5 mM Na2EDTA). The
final nuclear pellets were resuspended in 100 p,l of cold TMN
buffer (10 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1.5 mM
MgCl2) per 108 cells. Following sonication on ice (10 succes-
sive 10-s pulses with 50-s pauses at setting 14 on a Microson
sonicator), the suspension was centrifuged in a Sorvall HB4
rotor at 10,000 x g for 10 min at 4°C. The supernatant was
saved, and the pellets were resuspended, sonicated, and
recentrifuged. The two supernatants were pooled to consti-
tute working nuclear extract.

All buffers for preparation of nuclear extract and analyses
of proteins contained fresh 1 mM phenylmethylsulfonyl
fluoride (Sigma) and were prepared from double-distilled,
autoclaved water that had been treated with 0.1% diethyl
pyrocarbonate (Sigma). All glassware was baked at 200°C
and autoclaved.

Immunopurification of hnRNP complexes. hnRNP com-
plexes were immunopurified from S2 cell extracts as previ-
ously described (29). Cell extracts were incubated with the
MAb 8G6 (prebound to protein-A sepharose [Pharmacia
LKB Biotechnology, Piscataway, N.J.]) for 15 min at 4°C.
The protein-A sepharose was recovered by centrifugation,
washed four times with buffer containing 0.5% Triton X-100
and protease inhibitors (0.5% aprotinin, 2 mg of leupeptin
per ml, and 2 mg pepstatin A per ml), and the beads were
resuspended directly in sample buffer. Antibody specificity
was demonstrated by similar immunopurifications from cell
extracts in the presence of the ionic detergent Empigen BB,
which disrupts protein-protein and protein-RNA interac-
tions.

Protein analyses. Protein samples were mixed with equal
volumes of sodium dodecyl sulfate (SDS)-gel loading buffer
(4% SDS, 10% 3-mercaptoethanol, 62.5 mM Tris-HCl [pH
6.8], 16% sucrose, 0.002% bromphenol blue). Protein sam-
ples were boiled for 5 min prior to loading onto SDS-
polyacrylamide gels (26) and run at 100 V (constant voltage)
until the marker dye reached the bottom of the gels. Molec-
ular masses were estimated from the migrations of precol-
ored standard protein markers (Amersham).
Two-dimensional nonequilibrium pH gel electrophoresis

was performed essentially as described by O'Farrell et al.
(33) with an ampholine gradient of pH 3 to 10 separated for
4 h at 400 V in the first dimension. Proteins were separated
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in
the second dimension and stained with silver (53) or trans-
ferred to nitrocellulose for Western blot (immunoblot) anal-
ysis.

For immunoblotting, proteins were transferred to nitrocel-
lulose membrane (Schleicher & Schuell, Inc., Keene, N.H.)
and probed with the indicated MAbs. Bound antibodies were
detected by using either 1"I-labeled goat anti-mouse F(ab')2
or biotinylated secondary Abs (anti-mouse immunoglobulin
G and anti-rabbit immunoglobulin G from Vector Laborato-
ries) prepared according to the manufacturer's recommen-
dations. Biotinylated antibodies were detected using the
VectaStain system (Vector Laboratories).
ssDNA chromatography. S2 cell extracts were fractionated

by single-stranded DNA (ssDNA) affinity chromatography
essentially as described previously (29). Proteins were
bound to ssDNA-cellulose (United States Biochemical
Corp., Cleveland, Ohio) in 0.1 M NaCl. Columns were
washed with 1 mg of heparin per ml in 0.1 M NaCl and eluted
with 2 M NaCl and with 4 M guanidine hydrochloride.

RESULTS

We have undertaken combined cytological and biochemi-
cal studies to investigate the unique PEP from D. melano-
gaster. This protein is associated preferentially with active,
ecdysone-responsive sites on polytene chromosomes, as
demonstrated by an indirect immunofluorescence assay (Fig.
1A and B); more than 95% of the mapped, ecdysone-
regulated puff sites are bound by PEP (1). The role of PEP at
these sites is not known, although sequence motifs in PEP
are appropriate for a role in sequence-specific binding to
either DNA or RNA (1). Candidate recognition motifs in-
clude a glycine- and asparagine-rich segment and four zinc
finger motifs of the C2H2 type (Fig. 1C).

Additional cytological observations demonstrated the in-
clusion of PEP in an RNase-sensitive complex in intact
salivary glands (Fig. 2). Control glands immunostained with
the PEP-specific MAb Y2A11 displayed very bright nuclear
fluorescence and little to no cytoplasmic staining (Fig. 2A
and B). By contrast, salivary glands incubated with RNase
A-but treated identically to control glands for fixing and
staining-failed to display nuclear fluorescence (Fig. 2C and
D). Nuclear staining with antiserum specific for RNA poly-
merase II was only slightly diminished by the RNase treat-
ment (not shown), and salivary glands treated with RNase-
free DNase I retained the bright, PEP-specific nuclear
fluorescence (not shown). Therefore, the RNase treatment
probably allows PEP to leave the nucleus by disrupting
PEP-containing RNP complexes. Alternatively, RNase
treatment could affect the Y2A11 epitope and disrupt stain-
ing. In either case, intact RNA is specifically required for the
visualization of PEP in these polytene nuclei.
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FIG. 1. PEP is a unique zinc finger protein found preferentially

on ecdysone-induced chromosomal puffs. Polytene chromosomes
from a third-instar larval salivary gland were fixed in a formaldehyde
fixative solution, squashed in acetic acid onto a microscope slide,
and immunostained with MAb Y1D2, which is specific for PEP. The
chromosomal positions of known, prominent ecdysone-responsive
loci are indicated. (A) Phase contrast micrograph. (B) UV fluores-
cence micrograph. (C) Discernible motifs within the 715-residue
PEP sequence are depicted, including the N-terminal glycine- and
asparagine-rich region (G+N), zinc fingers 1 through 4 (ZF1-3 and
ZF4), putative nuclear localization signals (NL1 and NL2), acidic
domains (AD1 and AD2), and the C-terminal proline- and alanine-
rich segment (P+A). Lengths and positions of segments are drawn
to scale.

The effects of RNase treatment on PEP-specific chromo-
somal immunostaining were examined further by squashing
the polytene chromosomes from RNase-treated salivary
glands and staining them with a second MAb (Y1D2) specific
for PEP. The MAbs Y2A11 and Y1D2 recognize different
epitopes in PEP but produce identical staining patterns (1).
Following the RNase treatment, the characteristic bright
staining on puffs was virtually eliminated (Fig. 2E and F).
We conclude that RNA is integral to a PEP-containing
complex on the ecdysone-induced puffs, since the integrity
of an RNA component is necessary for retention of the PEP
at these sites on the chromosomes.
To complement our cytological studies, we turned to

cultured Drosophila cells to biochemically characterize the
putative PEP RNP complex. First, however, the cellular
distribution of PEP in salivary glands was compared with
that in the Drosophila S2 cells used for these subsequent
analyses. Immunostaining of a fixed, intact polytene nucleus
with the PEP-specific MAb Y1D2 revealed a close associa-
tion of the protein with the visible chromatin and its absence
from nonchromosomal nuclear space and the discernible
nucleolar region (Fig. 3A and B). In addition, the distribution
of PEP was determined in cellular fractions generated during
the preparation of nuclear extract from Drosophila S2 cells
by the procedures of Risau et al. (38). Proteins in aliquots
from each supernatant and from the final pellet were frac-
tionated by SDS-PAGE and also analyzed by Western
blotting from identical gels. As shown in Fig. 3C and D, PEP
was detected only in the nuclear pellet and the nuclear
extract and not in the cytoplasmic fractions. These observa-
tions demonstrate that PEP is a nuclear protein, probably
restricted to chromosomes; no other site of PEP localization
has been detected.
The possibility that PEP may bind RNA prompted an

examination of the protein's chromatographic properties on
single-stranded DNA cellulose, since the hnRNPs are known
to bind single-stranded DNA (29). Drosophila S2 cell extract
was first treated with micrococcal nuclease and then applied
to the column. Retained proteins that either did not bind to
the column or were eluted first in heparin and then in
higher-salt buffers (2 M NaCl and then 4 M guanidine HCI)
were analyzed by SDS-PAGE and Western blotting. PEP
was retained quantitatively by the column and eluted cleanly
by the heparin wash (Fig. 4), suggesting primarily an elec-
trostatic interaction with the column. A few known hnRNPs
share these chromatographic properties, including the hu-
man 120-kDa U hnRNP (24) and the human and Drosophila
PABP proteins (29). As a control, the Western filter was
reprobed with MAb 8G6, specific for the hrp4O protein; the
hrp4O proteins comprise approximately eight members of
Drosophila hnRNP complexes in the 38-to-40 kDa size range
(29) (see Fig. 6). As expected from previous studies (29),
retention of the hrp4O proteins on the column was resistant
to the heparin wash but sensitive to 2 M NaCl (Fig. 4). Thus,
although PEP qualifies from these observations as an ss-
DNA-binding protein, its interaction with ssDNA is different
from that of many of the other hnRNPs (29).

Immunoprecipitation experiments were performed to test
directly whether PEP is associated with Drosophila hnRNP
complexes. Using hrp4O-specific MAb 8G6, complexes in
Drosophila S2 cell extract were precipitated either in the
presence of Triton X-100 (a nonionic detergent) or Empigen
BB, an ionic detergent that disrupts protein-protein and
protein-RNA interactions (29). Proteins in the immunopre-
cipitates were analyzed first by one-dimensional SDS-PAGE
and Western blotting. PEP was recovered quantitatively in
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FIG. 2. PEP exists in a chromosomal RNP complex in vivo. Intact salivary glands were incubated either in TBS buffer or in TBS buffer

containing RNase A prior to fixation with formaldehyde and acetic acid. The glands were then permeabilized in Triton X-100 and
immunostained with the PEP-specific MAb Y2A11. (A and B) Control glands. (C and D) RNase-treated glands. (E and F) Polytene
chromosomes from the RNase-treated glands were squashed and stained with MAb Y1D2. (A, C, and E) UV fluorescence micrographs; (B,
D, and F) phase contrast micrographs. N, polytene nuclei.

the presence of Triton but not in Empigen (Fig. 5), showing
that PEP is indeed associated with Drosophila hnRNP
complexes. Affinity chromatography with PEP-specific
MAbs also indicated an association between PEP and the
HRB proteins (data not shown).
Drosophila hnRNP complexes contain over 20 different

polypeptides, and many have been identified (28). To iden-
tify PEP in hnRNP complexes, the immunoprecipitated
proteins were analyzed further by two-dimensional SDS-
PAGE followed by either silver staining or Western blotting.
In the hnRNP complexes, one polypeptide spot that mi-

grated electrophoretically at the position of l100 kDa (as
expected for PEP [1]) corresponded to the PEP Western
signal (Fig. 6). This spot also migrates in the isoelectrofo-
cusing direction as expected for PEP, since the protein
possesses two extremely acidic regions (1). This analysis
revealed that PEP is one of the largest, most acidic, and
more abundant members of hnRNP complexes.
Through a sequential immunostaining technique, we have

shown previously that the PEP distribution comprises a
specific subset of chromosomal sites bound by RNA poly-
merase II and is thus a subset of the sites potentially engaged
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FIG. 3. PEP is found only on chromosomes. A polytene nucleus
was squashed from a larval salivary gland, fixed to a microscope
slide, and immunostained with MAb Y1D2, which is specific for
PEP. (A) The nucleus was photographed under phase-contrast
illumination. (B) The nucleus was rephotographed under fluores-
cence illumination. no, nucleolus; ns, nonchromosomal space; ch,
polytene chromosomes. (C and D) Nuclear extract was prepared
from Drosophila S2 cells according to the procedure of Risau et al.
(38): (i) homogenization of S2 cells and centrifugation produces
supernatant 1 (cytoplasmic); (ii) resuspension of pellet in TEN
buffer and recentrifugation produces supernatant 2 (cytoplasmic);
(iii) repetition of incubation in TEN buffer produces supernatant 3
(cytoplasmic); and (iv) resuspension of pellet, sonication in TMN
buffer, and recentrifugation produces nuclear pellet and nuclear
extract. Aliquots of all supernatants and pellets generated were

analyzed for the presence of PEP by Western blotting. (C) SDS-
PAGE of proteins in supernatants 1 through 3 (lanes 1 through 3);
the nuclear pellet (lane P); the nuclear extract stained with
Coomassie blue (lane E). (D) Western blot analysis of proteins in a

gel identical to that in panel C, probed with MAb Y1D2, which is
specific for PEP. Thick arrows mark the band and signal corre-

sponding to PEP, and thin arrows mark the positions of molecular
weight markers.

in transcription (1). Because we found PEP in hnRNP
complexes, the PEP chromosomal distribution was com-

pared with that of the Drosophila HRB proteins (36), which
are basic hnRNPs, by using this same technique. For these
experiments, a rabbit antiserum that recognizes three to four
major hnRNP isoforms in the 38- to 40-kDa range was used
(36), since this technique requires the use of primary anti-
bodies from different species. PEP and the HRB proteins
were found to coexist at most active sites on Drosophila
polytene chromosomes (Fig. 7B and C). Both patterns
display bright fluorescence over most of the visible puffs, but
the HRB pattern (Fig. 7C) is noticeably brighter on interband
regions than is the PEP pattern (Fig. 7B). Numerous loci are

stained noticeably by the anti-HRB serum but only weakly
by the anti-PEP MAb (Fig. 7, horizontal arrows), but no sites
with bright PEP staining and weak HRB staining were found.
Care has been taken to normalize staining on prominent

30 K-

14K-

FIG. 4. The interaction of PEP with ssDNA is heparin sensitive.
S2 cell extract was bound to an ssDNA-cellulose column at 0.1 M
NaCl. The column was washed with 1 mg of heparin per ml and
eluted with 2 M NaCl and with 4 M guanidine hydrochloride
(GuHCl). Proteins in each fraction were resolved by SDS-PAGE
and transferred to nitrocellulose membrane. The membrane was

probed with the PEP-specific MAb Y1D2 and the hrp40-specific
MAb 8G6. Molecular weight standards are indicated on the left, and
positions of PEP and hrp40 are indicated on the right.

puffs. Thus, PEP exists at a subset of the chromosomal sites
occupied by hnRNP complexes. Interestingly, numerous

neighboring sites at which the intensity of staining was not
constant between the PEP and HRB patterns were visible
(Fig. 7, paired arrows), indicating that PEP and the HRB
proteins may not exist in a fixed stoichiometry at these sites.

DISCUSSION

The results of this study indicate that PEP exists in an

RNA-containing complex and is found primarily at chromo-
somal sites of ecdysone-induced transcription. The abundant
RNP complexes that are deposited cotranscriptionally on

nascent transcripts (2) fall into two broad classes: the small
nuclear RNP particles (snRNPs) that function in pre-mRNA
processing events, primarily in intron removal (48), and the
hnRNPs that have been considered traditionally to be RNA-
packaging proteins (11, 27) but may also participate actively
in the splicing reaction (10, 30, 32, 37, 45, 49). The core

hnRNPs are thought to associate with all polymerase II
transcripts (2, 31), possibly with transcript-specific (8, 35) or

sequence-specific (49) preferences, and the snRNPs proba-
bly associate with all intron-containing polymerase II tran-
scripts (2, 15, 39, 41, 54). Thus, both are associated with
transcripts from members of coordinately regulated gene

families such as those activated in response to ecdysone.
In contrast, our observations indicate that PEP assembles

preferentially as part of the RNP complex on transcripts
from ecdysone-regulated genes, unlike any other known
hnRNP. We question, however, whether PEP and the
hnRNPs share the same signals for their chromosomal
deposition, given the more restricted localization of PEP and
quantitative differences in the immunostaining of PEP and
hnRNPs at neighboring chromosomal sites. Whereas the

A B
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FIG. 5. PEP is associated with immunopurified hnRNP com-
plexes. Drosophila hnRNP complexes were immunopurified from
S2 cell extract in the presence of Triton X-100 (lane T) with the
hrp40-specific MAb 8G6. The specificity of 8G6 is demonstrated by
immunopurification in the presence of the ionic detergent Empigen
BB (lane E). Immunopurified proteins and total cell lysate (lane
total) were resolved by SDS-PAGE, transferred to nitrocellulose
membrane, and probed with the PEP-specific MAb Y1D2. Molecu-
lar weight standards are indicated on the left, and the position of
PEP is indicated on the right. Low-molecular-weight bands corre-
spond to the heavy and light chains of the antibody used for the
immunopurification.
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primary signal for hnRNP deposition is thought to reside
within the RNA itself (2, 11, 34), we suggest that determi-
nants for PEP deposition on specific transcripts may reside
in protein-protein contacts with the transcription complex.
The observation that PEP is present at some of the ecdys-
one-regulated sites prior to puff appearance at those sites (1)
supports an early assembly with the basal transcription
machinery or with a paused polymerase (40); following
ecdysone-induced puffing, these sites become filled with
PEP-specific fluorescence, as though deposition of the pro-
tein reflects the subsequent enhancement of transcription
due to ecdysone and therefore a greater localized concen-
tration of RNA at these sites. The multiple sequence motifs
in PEP (Fig. 1) and its occurrence only on the chromosomes
and not in the nucleoplasm (Fig. 3) are consistent with a
cotranscriptional deposition mechanism. According to this
view, PEP-hnRNP associations would arise following their
independent deposition at the same chromosomal sites.
We suggest, therefore, that PEP may function during the

earliest stages of transcription and maturation of transcripts
from its target genes. One possible function for PEP is that of
an "RNA chaperone" to transduce the hormone signal from
the transcription complex and subsequently enhance the
efficiency of processing and/or transport of ecdysone-regu-
lated transcripts in the nucleus. It is note-worthy, however,
that PEP is found on puffs, which are sites of vigorous
transcription (13, 47), and not on interbands, which are sites
of low-level transcription. Therefore, an alternative possibil-
ity is that PEP contributes to ecdysone-mediated transcrip-
tional enhancement from a transcript-engaged position (43),
either by acting directly on the transcription complex or by
expediting transcript removal and processing at these sites.
In terms of the Ashburner model for ecdysone-mediated
gene regulation, either proposed function for PEP would
contribute to the proper temporal appearance of the major
regulatory proteins in the cascade. If so, we expect PEP
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FIG. 6. PEP is a major component of immunopurified hnRNP complexes. Proteins in hnRNP complexes immunopurified with the
hrp4O-specific MAb 8G6, as described above, were resolved by two-dimensional gel electrophoresis and either detected by silver stain (left
panel) or transferred to nitrocellulose membrane and probed with the PEP-specific MAb Y1D2 (right panel). The position of PEP is indicated,
and the other immunopurified proteins are labeled as previously described (29). The antibody heavy chain (h.c.) and light chain (l.c.) are also
indicated. Molecular weight standards are indicated on the left.

0
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FIG. 7. PEP exists at a subset of chromosomal sites bound by
hnRNP complexes. Polytene chromosomes from Drosophila third-
instar larvae were fixed in formaldehyde, squashed in acetic acid,
and stained sequentially with the PEP-specific MAb Y1D2 and
HRB-specific antiserum (36). (A) A polytene chromosome photo-
graphed under phase-contrast illumination; (B) the chromosome
shown in panel A stained with MAb Y1D2 and rephotographed with
fluorescence illumination; (C) the same chromosome restained with
antiserum specific for the Drosophila HRB protein and rephoto-
graphed with nonoverlapping fluorescence illumination. Horizontal
arrows indicate chromosomal loci that are detected by the HRB-
specific antiserum but not by PEP-specific antibodies; paired arrows
indicate neighboring sites where the staining intensity is not con-
stant between the two patterns.

function to be important for proper development in D.
melanogaster and we are anxious to test these possibilities.

ACKNOWLEDGMENTS

We are grateful to Gideon Dreyfuss for supporting a spirit of
collaboration and to Sarah Elgin for her support of this work in its
early stages. We also thank Medaline Santiago for assistance with
the cytological experiments, Larry Mesner for numerous helpful
discussions, and Pamela Derstine for help in figure preparation.

This investigation was supported by NIH grant 5-S07-
RR05431-28 and ACS grant IN 149F (S.A.A.), NSF grant DMB-
8704154 (J.W.H.), NIH grant GM 39271 (A.L.B.), and a grant from
the Howard Hughes Medical Institute and NIH grant GM 37125 to
Gideon Dreyfuss.

REFERENCES
1. Amero, S. A., S. C. R. Elgin, and A. L. Beyer. 1991. A unique

zinc finger protein is associated preferentially with active ecdys-
one-responsive loci in Drosophila. Genes Dev. 5:188-200.

2. Amero, S. A., G. Raychaudhuri, C. L. Cass, W. J. van VenrooU,
W. J. Habets, A. R. Krainer, and A. L. Beyer. 1992. Indepen-
dent deposition of heterogeneous nuclear ribonucleoproteins
and small nuclear ribonucleoproteins at sites of transcription.
Proc. Natl. Acad. Sci. USA 89:8409-8413.

3. Andres, A. J., and C. S. Thummel. 1992. Hormones, puffs, and
ffies: the molecular control of metamorphosis by ecdysone.
Trends Genet. 8:132-138.

4. Ashburner, M. 1989. Drosophila, a laboratory manual, p. 377.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y.

5. Ashburner, M. 1990. Puffs, genes, and hormones revisited. Cell
61:1-3.

6. Ashburner, M., and H. D. Berendes. 1978. Puffing of polytene
chromosomes, p. 315-395. In M. Ashburner and T. R. F. Wright
(ed.), The genetics and biology of Drosophila, vol. 2B. Aca-
demic Press, New York.

7. Ashburner, M., C. Chihara, P. Meltzer, and G. Richards. 1974.
Temporal control of puffing activity in polytene chromosomes.
Cold Spring Harbor Symp. Quant. Biol. 38:655-662.

8. Bennett, M., S. Pifiol-Roma, D. Staknis, G. Dreyfuss, and R.
Reed. 1992. Differential binding of heterogeneous nuclear ribo-
nucleoproteins to mRNA precursors prior to spliceosome as-
sembly in vitro. Mol. Cell. Biol. 12:3165-3175.

9. Burtis, K. C., C. S. Thummel, C. W. Jones, F. D. Karim, and
D. S. Hogness. 1990. The Drosophila 74EF early puff contains
E74, a complex ecdysone-inducible gene that encodes two
ets-related proteins. Cell 61:85-99.

10. Choi, Y. D., P. J. Grabowski, P. A. Sharp, and G. Dreyfuss.
1986. Heterogeneous nuclear ribonucleoproteins: role in RNA
splicing. Science 231:1534-1539.

11. Conway, G., J. Wooley, T. Bibring, and W. M. LeStourgeon.
1988. Ribonucleoproteins package 700 nucleotides of pre-
mRNA into a repeating array of regular particles. Mol. Cell.
Biol. 8:2884-2895.

12. Crowley, T. E., P. H. Mathers, and E. M. Meyerowitz. 1984. A

VOL. 13, 1993



5330 AMERO ET AL.

trans-acting regulatory product necessary for expression of the
Drosophila melanogaster 68C glue gene cluster. Cell 39:149-
156.

13. Daneholt, B. 1975. Transcription in polytene chromosomes. Cell
4:1-9.

14. DiBello, P. R., D. A. Withers, C. A. Bayer, J. W. Fristrom, and
G. M. Guild. 1991. The Drosophila Broad-Complex encodes a
family of related proteins containing zinc fingers. Genetics
129:385-397.

15. Fakan, S., G. Leser, and T. E. Martin. 1986. Immunoelectron
microscope visualization of nuclear ribonucleoprotein antigens
within spread transcription complexes. J. Cell Biol. 103:1153-
1157.

16. Feigl, G., M. Gram, and 0. Pongs. 1989. A member of the
steroid hormone receptor gene family is expressed in the
20-OH-ecdysone inducible puff 75B in Drosophila melano-
gaster. Nucleic Acids Res. 17:7167-7178.

17. Galceran, J., J. Llanos, J. Sampedro, 0. Pongs, and M.
Izquierdo. 1990. Transcription at the ecdysone-inducible locus
2B5 in Drosophila. Nucleic Acids Res. 18:539-545.

18. Guay, P. S., and G. M. Guild. 1991. The ecdysone-induced
puffing cascade in Drosophila salivary glands: a Broad-Complex
early gene regulates intermolt and late gene transcription.
Genetics 129:169-175.

19. Guild, G. M., and G. Richards. 1992. Ecdysone and the onion.
Nature (London) 357:539.

20. Hodgetts, R. B., B. Sage, and J. D. O'Connor. 1977. Ecdysone
titres during postembryonic development of Drosophila mela-
nogaster. Dev. Biol. 60:310-317.

21. James, T. C., and S. C. R. Elgin. 1986. Identification of a
nonhistone chromosomal protein associated with heterochro-
matin in Drosophila melanogaster and its gene. Mol. Cell. Biol.
6:3862-3872.

22. Janknecht, R., W. Taube, H. J. Ludecke, and 0. Pongs. 1989.
Characterization of a putative transcription factor gene ex-
pressed in the 20-OH-ecdysone inducible puff 74EF in Dros-
ophila melanogaster. Nucleic Acids Res. 17:4455-4464.

23. Karim, F. D., and C. S. Thummel. 1991. Ecdysone coordinates
the timing and amounts of E74A and E74B transcription in
Drosophila. Genes Dev. 5:1067-1079.

24. Kiledjian, M., and G. Dreyfuss. 1992. Primary structure and
binding activity of the hnRNP U protein: binding RNA through
RGG box. EMBO J. 11:2655-2664.

25. Koelle, M. R., W. S. Talbot, W. A. Segraves, M. T. Bender, P.
Cherbas, and D. S. Hogness. 1991. The Drosophila EcR gene
encodes an ecdysone receptor, a new member of the steroid
receptor superfamily. Cell 67:59-77.

26. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

27. LeStourgeon, W. M., S. F. Barnett, and S. J. Northington. 1990.
The core proteins of 40S nuclear ribonucleoprotein particles pack-
age nascent transcripts into a repeating array of regular particles,
p. 477-502. In P. Strauss and S. Wilson (ed.), The eukaryotic
nucleus, vol. 2. The Telford Press, Inc., Caldwell, N.J.

28. Matunis, E. L., M. J. Matunis, and G. Dreyfuss. 1992. Charac-
terization of the major hnRNP proteins from Drosophila mela-
nogaster. J. Cell Biol. 116:257-269.

29. Matunis, M. J., E. L. Matunis, and G. Dreyfuss. 1992. Isolation
of hnRNP complexes from Drosophila melanogaster. J. Cell
Biol. 116:245-255.

30. Mayeda, A., and A. R. Krainer. 1992. Regulation of alternative
pre-mRNA splicing by hnRNP Al and splicing factor SF2. Cell
68:365-375.

31. Mayrand, S., and T. Pederson. 1981. Nuclear ribonucleoprotein
particles probed in living cells. Proc. Natl. Acad. Sci. USA
78:2208-2212.

32. Mayrand, S. H., and T. Pederson. 1990. Crosslinking of hnRNP
proteins to pre-mRNA requires Ul and U2 snRNPs. Nucleic
Acids Res. 18:3307-3318.

33. O'Farrell, P. Z., H. M. Goodman, and P. H. O'Farrell. 1977.
High resolution two-dimensional electrophoresis of basic as
well as acidic proteins. Cell 12:1133-1142.

34. Pederson, T., and N. G. Davis. 1980. Messenger RNA process-
ing and nuclear structure: isolation of nuclear ribonucleoprotein
particles containing 3-globin messenger RNA precursors. J.
Cell Biol. 87:47-54.

35. Pifiol-Roma, S., M. S. Swanson, J. G. Gall, and G. Dreyfuss.
1989. A novel heterogeneous nuclear RNP protein with a unique
distribution on nascent transcripts. J. Cell Biol. 109:2575-2587.

36. Raychaudhuri, G., S. R. Haynes, and A. L. Beyer. 1992. Heter-
ogeneous nuclear ribonucleoprotein complexes and proteins in
Drosophila melanogaster. Mol. Cell. Biol. 12:847-855.

37. Reed, R. 1990. Analysis of the protein composition of mamma-
lian spliceosomes assembled in vitro. Proc. Natl. Acad. Sci.
USA 87:8031-8035.

38. Risau, W., P. Symmons, H. Saumweber, and M. Frasch. 1983.
Nonpackaging and packaging proteins of hnRNA in Drosophila
melanogaster. Cell 33:529-541.

39. Roth, M. B., A. M. Zahler, and J. A. Stolk. 1991. A conserved
family of nuclear phosphoproteins localized to sites of poly-
merase II transcription. J. Cell Biol. 115:587-596.

40. Rougvie, A. E., and J. T. Lis. 1990. Postinitiation transcriptional
control in Drosophila melanogaster. Mol. Cell. Biol. 10:6041-
6045.

41. Sass, H., and T. Pederson. 1984. Transcription-dependent local-
ization of Ul and U2 small nuclear ribonucleoproteins at major
sites of gene activity in polytene chromosomes. J. Mol. Biol.
180:911-926.

42. Segraves, W. A., and D. S. Hogness. 1990. The E75 ecdysone-
inducible gene responsible for the 75B early puff in Drosophila
encodes two new members of the steroid receptor superfamily.
Genes Dev. 4:204-219.

43. Sharp, P. A., and R. A. Marcinialk 1989. HIV TAR: an RNA
enhancer? Cell 59:229-230.

44. Siegel, J. G., and J.W. Fristrom. 1978. The biochemistry of
imaginal disc development, p. 317-394. In M. Ashburner and
T. R. F. Wright (ed.), The genetics and biology of Drosophila,
vol. 2A. Academic Press, New York.

45. Sierakowska, H., W. Szer, P. J. Furdon, and R. Kole. 1986.
Antibodies to hnRNP core proteins inhibit in vitro splicing of
human P-globin pre-mRNA. Nucleic Acids Res. 18:5241-5254.

46. Silver, L. M., and S. C. R. Elgin. 1977. Distribution patterns of
three subfractions of Drosophila nonhistone chromosomal pro-
teins: possible correlations with gene activity. Cell 11:971-983.

47. Simon, J. A., C. A. Sutton, R. B. Lobell, R. L. Glaser, and J. T.
Lis. 1985. Determinants of heat shock-induced chromosome
puffing. Cell 40:805-817.

48. Steitz, J. S., D. L. Black, V. Gerke, K. A. Parker, A. Kramer, D.
Frendeway, and W. Keller. 1988. Functions of the abundant
U-snRNPs, p. 115-154. In M. L. Birnstiel (ed.), Structure and
function of major and minor small nuclear ribonucleoproteins
particles. Springer-Verlag, Berlin.

49. Swanson, M. S., and G. Dreyfuss. 1988. Classification and
purification of proteins of heterogeneous nuclear ribonucleopro-
tein particles by RNA-binding specificities. Mol. Cell. Biol.
8:2237-2241.

50. Thummel, C. S. 1992. Mechanisms of transcriptional timing in
Drosophila. Science 255:39-40.

51. Thummel, C. S., K. C. Burtis, and D. S. Hogness. 1990. Spatial
and temporal patterns of E74 transcription during Drosophila
development. Cell 61:101-111.

52. Urness, L. D., and C. S. Thummel. 1990. Molecular interactions
within the ecdysone regulatory hierarchy: DNA binding prop-
erties of the Drosophila ecdysone-inducible E74A protein. Cell
63:47-61.

53. Wray, W., T. Boulikas, V. P. Wray, and R. Hancock. 1981.
Silver staining of proteins in polyacrylamide gels. Anal. Bio-
chem. 118:197-203.

54. Wu, Z. A., C. Murphy, H. G. Callan, and J. G. Gall. 1991. Small
nuclear ribonucleoproteins and heterogeneous nuclear ribonu-
cleoproteins in the amphibian germinal vesicle: loops, spheres,
and snurposomes. J. Cell Biol. 113:465-483.

55. Yao, T.-P., W. A. Segraves, A. E. Oro, M. McKeown, and R. M.
Evans. 1992. Drosophila ultraspiracle modulates ecdysone re-
ceptor function via heterodimer formation. Cell 71:63-72.

MOL. CELL. BIOL.


