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ABSTRACT  The sequence of 470 nucleotides surrounding the
initiation site for rRNA transcription in Drosophila melanogaster
has been determined. The precise initiation site was determined
first by measuring the DNA fragment protected by the rRNA pre-
cursor against digestion by the single-strand specific nuclease S1
and second by direct sequence determination of the first 13 nu-
cleotides of tKe rRNA precursor. Because >80% of rRNA pre-
cursor molecules have been shown previously to bear pppA or ppA
5’ termini, we assume that they represent the primary transcrip-
tion product. Short sequence homologies exist with the initiation
regions for rRNA transcription of Xenopus laevis and Saccharo-
myces cerevisize. We have determined the nucleotide sequence of
the initiation region in four cloned ribosomal genes from D. me-
lanogaster which are not interrupted and in four cloned ribosomal

enes in which the 28S rRNA coding region is interrupted by a 5-

ilobase 1 insertion. Three uninterrupted genes and three
interrupted genes have identical sequences in the entire analyzed
region. The remaining two genes have a single identical base sub-
stitution at position —17. We have shown previously that inter-
rupted ribosomal genes in D. melanogaster are not effectively tran-
scribed. Because the nucleotide sequences of the region where
transcription initiates are identical in genes with or without in-
sertions, we postulate that the presence of the insertion itself may
be responsible for the inactivity of the interrupted genes.

The genes for rRNA occur as tandemly repeated units in Dro-
sophila melanogaster as in many other organisms (1). A pre-
cursor rRNA molecule is synthesized and then processed to
mature rRNAs, which include 5.8S, 18S, and 28S RNA mole-
cules (2, 3). The precursor rRNA molecule in D. melanogaster
is 8 kilobases (kb) long and its coding region has been mapped
in the rDNA by electron microscopy and restriction enzyme
analysis (4, 5). Levis and Penman (6) have shown that this 8-kb
rRNA molecule carries pppA or ppA at more than 80% of its
5' termini. Therefore, one may confidently assume that the 8-
kb RNA is the primary transcription product of the ribosomal
genes.

In Drosophila and other dipteran insects, but not in most
other animals studied, a large fraction of the rRNA genes are
interrupted in the 28S RNA coding region by noncoding DNA
segments which have been called “ribosomal insertions” (1). In
D. melanogaster, these insertions occur in two distinct sequence
types, each represented by several size classes (7, 8). Active
rRNA genes visualized by electron microscopy show dense RNA
polymerase packing (9). If interrupted rRNA genes were tran-
scribed at a normal rate, there would be thousands of nascent
rRNA chains containing insertion sequences in each cell nu-
cleus. However, we found that RNA molecules encoded by the
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major type 1 and type 2 insertion sequences were present at a
frequency of less than one copy per nucleus. From this obser-
vation we concluded that interrupted rRNA genes do not con-
tribute significantly, if at all, to rRNA production (10, 11).

The present work had two aims. First, we wanted to deter-
mine the precise initiation site of rRNA transcription in D.
melanogaster and to compare the nucleotide sequence of the
initiation region with the known analogous sequence in Xenopus
laevis and yeast ribosomal DNA (rDNA) (12-14). Second, we
wished to compare the sequences in the initiation region of in-
terrupted and uninterrupted genes. Because the former are
transcribed at a much lower level than the latter, we wondered
whether the primary DNA sequence might be different in the
region of transcription initiation.

METHODS

DNA Isolation and Sequence Determination. A library of
D. melanogaster Oregon R DNA, randomly sheared and in-
serted into ASep6 by poly(dA)poly(dT) tails was generously
provided by L. Prestidge and D. S. Hogness. Phages containing
rDNA were selected (15) and characterized by restriction map-
ping, using the known maps of rDNA as a guide (4, 16). R-Loop
mapping (17) was done in some cases, and heteroduplex mol-
ecules between different phages were prepared and analyzed
as described (18). The cloned EcoRI fragment containing a con-
tinuous rDNA repeat, pDmr Y22, has been described (4). DNA
sequence was determined according to Maxam and Gilbert (19)
with restriction fragments labeled at either a 5’ end or 3’ end.
5'-End-labeling was achieved as described (19) by treatment
with bacterial alkaline phosphatase (Worthington, further pu-
rified by DEAE-cellulose chromatography, a kind gift of B.
Sollner-Webb), removal of the enzyme by two phenol extrac-
tions, and incubation with [y-32P]ATP and T4 polynucleotide
kinase (Boehringer Mannheim). The 5’ end to be sequenced
was isolated by a secondary restriction enzyme digestion and
electrophoresis in a polyacrylamide gel (19). Labeling of Taq
I restriction sites at their 3’ end was achieved by adding the first
missing deoxyribonucleotide to the recessed strand with reverse
transcriptase. In a final volume of 50 ul, 5 pmol of 3’ ends was
incubated with 36 units of avian myeloblastosis virus reverse
transcriptase (kindly provided by J. W. Beard, Life Sciences,
St. Petersburg, FL) and 250 pmol of [a->2P]dCTP (2000 Ci/
mmol; 1 Ci = 3.7 X 10" becquerels; Amersham or New En-
gland Nuclear) in 10 mM Tris*HCI, pH 8.0/10 mM MgCl,/50
mM KCIl/1 mM dithiothreitol at 37°C for 1 hr. The reverse
transcriptase and the unincorporated nucleotides were removed
by two phenol extractions and chromatography over a Sephadex

Abbreviations: rDNA, ribosomal DNA; kb, kilobase(s).
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FiG. 1. Maps of D. melanogaster rRNA genes cloned in the ASep6
vector. The top four recombinant molecules, ADmr275, -326, -317, and
-312, represent uninterrupted ribosomal genes. The bottom four re-
combinant molecules represent ribosomal genes interrupted in the se-
quence representing 28S rRNA by a type 1 insertion of 5 kb. The re-
gions representing the nontranscribed spacer (NTS), the external
transcribed spacer (ETS), 18S rRNA, the internal transcribed spacer
(ITS), 28S rRNA, and the insertion (INS) are indicated above and below
the gene maps. These maps have been obtained by a combination of
restriction endonuclease mapping and heteroduplex and R-loop anal-
ysis in the electron microscope. The right arm of the ASep6 vector is
at the right in all these maps. The sites for the following restriction
endonucleases are indicated: EcoRI T: HindIIl, Q; Sma I, | ; BamHI,
. Only the Hae Il sites flanking the NTS are shown (V). Spacer frag-
ments that were used in the nucleotide sequencing analysis were ob-
tained from a HindIIl/Hae ITI double digest of the entire ADmr recom-
binant molecule and are indicated by a dashed line under each map.
In the cases in which the NTS was not intact, Hae III fragments that
contained a short segment of the ASep6 left arm were isolated.

G-50 column. Up to 75% of the 3’ ends were labeled. This end-
labeling procedure was also very specific. Taq 1/Hae 111 re-
striction fragments have been labeled in this way and subjected
to sequence determination without further purification because
all the label was present at the Taq I end. Electrophoresis of
chemically treated fragments was in 0.4-mm-thick 20%, 14%,
and 8% polyacrylamide gels (20).

Nuclease S1 Mapping. About 10° cpm of a restriction frag-
ment labeled at the 5’ end of the coding strand (3 X 10° cpm/
pmol) was hybridized at 41°C overnight with 6 ug of nuclear
RNA enriched for 8-kb rRNA precursor in 250 ul of 80% form-
amide/0.3 M NaCl/40 mM TrisHCI, pH 8.0/1 mM EDTA
with 3 ug of denatured sheared salmon DNA and 3 ug of intact
pBR322 DNA as carriers. Five 50-ul aliquots were diluted into
550 ul of S1-buffer (0.3 M NaCl/50 mM sodium acetate, pH
4.8/0.5 mM ZnSO,) and treated with up to 25,000 units of nu-
clease S1 (Miles), which corresponds to about 830 units ac-
cording to Vogt (21), for 1 hr at 37°C. The digestion was stopped
by addition of EDTA to 5 mM, NaDodSO, to 0.1%, and 5 ug
of Escherichia coli tRNA. After two extractions with phenol and
one ethanol precipitation, 100-500 cpm per sample was loaded
on sequencing polyacrylamide gels.

RNA Isolation and Sequence Determination. Nuclear RNA
from D. melanogaster embryos was prepared as described (10).
rRNA precursor molecules were enriched by centrifugation
through sucrose gradients and labeled at their 5’ end as de-
scribed for DNA fragments. The 5’-terminal rRNA fragments
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F1G. 2. Strategy for determining the sequence of the transcription
initiation region. The initiation region is shown enlarged under the
map of an entire ribosomal gene. The sites for the following restriction
endonucleases are indicated: Alu I, Y; Taq I, v; Rsa I, |; and Hinfl,
®. Base pairs (bp) are numbered in both directions, starting from the
first transcribed nucleotide. Restriction fragments labeled at their 5’
end are indicated by @ and those labeled at their 3’ end are indicated
by *; the extent of the analyzed segment is indicated by the length of
the arrow. The plasmid pDmr Y22 contains a single rDNA repeating
unit cleaved by EcoRI (see ref. 4).

were isolated by hybridization to nitrocellulose-bound Tagq 1
spacer fragment in 0.75 M NaCl/50 mM sodium phosphate, pH
6.8/5 mM EDTA/Denhardt’s solution (22)/0.5% NaDodSO,
containing 0.5 mg of unlabeled cytoplasmic RNA per ml, at
60°C for 22 hr. The filter was washed extensively as described
(10), treated with pancreatic RNase (0.4 ug/ml) in 0.3 M NaCl/
30 mM sodium citrate at room temperature for 20 min, and
washed again extensively. The hybridized RNA was eluted by
incubation at 100°C for 90 sec in 5 mM Tris*HCI, pH 7.5/1 mM
EDTA with 25 ug of E. coli tRNA. The 38-base-long end-la-
beled RNA fragment was electrophoresed in an 8% polyacryl-
amide/8 M urea gel, extracted, and analyzed for sequence by
the method of Donis-Keller et al. (23) and Lockard et al. (24).
One modification was that the buffer for U2 RNase was diluted
1:1 (10 mM sodium citrate, pH 5.0/3.5 M urea/0.5 mM EDTA
containing 0.25 mg of tRNA per ml) because 1 vol of RNase U2
was added. This caused the U2 RNase to cleave some of the
GpN bonds also. The samples were electrophoresed in a form-
amide/20% polyacrylamide sequencing gel (12) that had been
pre-electrophoresed until the bromophenol blue dye reached
the bottom of the gel (R. Lockard, personal communication).

Complete nuclease P1 digests were electrophoresed on
Whatman 3 MM paper in parallel with the four pN nucleotide
markers. Complete T2, T1, and pancreatic RNase digests were
electrophoresed on Whatman DE-81 paper at pH 3.5 and pH
1.7 (25).

RESULTS

We wanted to compare the nucleotide sequence of the tran-
scription initiation region of ribosomal genes with or without
insertions. rDNA molecules were isolated from a library of D.
melanogaster DNA linked to the vector ASep6; the structures
of eight such molecules used in this study are shown in Fig. 1.
As a starting point for the sequence determination, we used
another recombinant molecule carried by the plasmid pMB9.
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FiG. 3. Nucleotide sequence of the rRNA transcription initiation region. The nucleotide sequence of the noncoding strand determined from the
plasmid pDmr Y22 is shown. The nucleotide sequence determined at the 5’ end of the 38S rRNA precursor is shown under the corresponding DNA
sequence, with an arrow indicating the direction of transcription. All restriction sites found by a computer search (26) are shown except those for
EcoRI*. The positions of the sites for Tag I, Rsal, and Tha I, but not for Mnl 1, Asu 2, and Dde, have been determined experimentally. The nucleotide
sequence determined in the recombinant molecules ADmr275, -326, -317, -241, -231, and -290 (see Fig. 2) was identical to the sequence shown here.
The two recombinant molecules ADmr312 and -214 contained a single base change at position —17 (A instead of G, shown by vertical arrow). The

only ambiguity in the sequence is at position 144.

This clone, pDmr Y22, contains an 11-kb EcoRI fragment de-
rived from two adjacent ribosomal genes (4). The structure of
this EcoRI fragment corresponds to the EcoRI fragment derived
from ADmr312 (Fig. 1). It is not known whether the initiation
region on this rDNA fragment is derived from a gene with or
without insertion. More than 230 base pairs were determined
in both directions from the initiation site (Fig. 2 and 3).

In order to map the site of transcription initiation, the Taq
I restriction fragment (see Fig. 2) was labeled at the 5’ end of
the coding strand, hybridized to precursor rRNA, and digested
with single strand-specific nuelease S1. The protected fragment
was electrophoresed in a sequencing gel in parallel with the
same Taq I fragment cleaved by base-specific reactions (Fig.
4). It was necessary to use high concentrations of nuclease S1
to reduce the short ladder of partial digestion products to a sin-
gle prominent band. The shortest visible band probably rep-
resents “nibbling” of the first paired nucleotides by nuclease
S1 because a triphosphorylated 5’ nucleotide forms a weak base
pair. When a correction is made for the different migration of
nuclease Sl-generated and chemically cleaved fragments (see
legend), the first transcribed nucleotide is found to be T, in
agreement with the 5’ terminal A of the rRNA precursor (6).
This experiment mapped the first transcribed nucleotide 33
bases upstream from the Tagq I site.

The position of transcription initiation was also determined
by direct sequence determination of the 5’ terminus of the 8-
kb rRNA precursor. The enzymatically labeled 5'-terminal oli-
gonucleotide was sequenced (Fig. 5). There is some ambiguity
in the determination of the first three nucleotides because of
two weak bands that were nearly undetectable in the ladder and
a band in the T1 lane that probably represents the slowly mi-
grating 2',3'-cyclic phosphate intermediate (25). To resolve this
ambiguity, the 5'-terminal sequence was determined inde-
pendently by paper electrophoresis of digestion products of the
terminally labeled oligonucleotide (25). A complete RNase P1
digest was clearly identified as pA. Complete T2, T1, and pan-
creatic RNase digests were electrophoresed on DEAE-paper
at both pH 1.7 and pH 3.5 and could be clearly identified as
pAp, pApGp, and pApGpGpUp, respectively. Therefore, the

5'-terminal sequence of D. melanogaster precursor rRNA is 5’
A-G-G-U-A-G-G-Y-A-G-Y-G-G (Y represents a pyrimidine).
This sequence matches perfectly the first 13 transcribed nu-
cleotides determined by DNA sequencing and nuclease S1
protection.

The spacers of D. melanogaster rDNA are very A+T-rich and
contain ‘very few restriction sites (ref. 5; Fig. 3). The overall
G+C content of the initiation region is also low, about 20%,
except for four discrete G+C-rich regions around positions
—64, —25, +14, and +133 (Fig. 6). A large number of repeats
and dyad symmetries has been found in the sequence by using
a computer program (26). These features have no known sig-
nificance and are not shown.

The sequence of the initiation region has been determined
in four uninterrupted rRNA genes and in four genes carrying
a 5-kb type 1 insertion (see Fig. 1). The extent of the regions
sequenced is shown in Fig. 2. The sequence in three uninter-
rupted genes and in three interrupted genes was identical to
the sequence of pDmr Y22 (Fig. 3). One uninterrupted and one
interrupted gene had a single identical base change at position
~17, a G replaced by an A in both cases.

DISCUSSION

The identification of the initiation site for rRNA transcription
in D. melanogaster is based on the following data. First, >80%
of rRNA precursor molecules carry either 5’ pppA or 5’ ppA
termini (6). Second, nuclease S1 mapping with a restriction frag-
ment labeled at the 5' end of the coding strand and 8-kb pre-
cursor rRNA shawed that the first protected nucleotide is a T
located 33 bases upstream from the Tagq I restriction site. Third,
direct sequence determination on 5’ end-labeled rRNA pre-
cursor identified 13 nucleotides that matched the initiation se-
quence determined by DNA sequencing and nuclease S1
protection.

The sequence of about. 235 nucleotides in either direction
from the initiation site has been determined. From about 80
nucleotides preceding the initiation site and further upstream
the sequence is A+T-rich and most likely extends into the re-
petitive portion of the nontranscribed spacer. We have previ-
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FiG. 4. Determination of the transcription initiation site by nu-
clease S1 protection. The Taq I-Alu I fragment from the plasmid pDmr
Y22 (see Fig. 2), labeled at the 5’ end of the coding strand, was hy-
bridized to the 8-kb rRNA precursor molecule. Aliquots were digested
with increasing amounts of nuclease S1 and electrophoresed in a 20%
polyacrylamide gel in parallel with the same end-labeled Taq I-Alu
I fragment cleaved by base-specific chemical reactions. The arrows
point to the band that was prominent at the highest nuclease S1 con-
centration. A shift in migration by 1.5 nucleotides is expected between
the chemically cleaved and the nuclease S1-protected DNA strands
because the sequencing reaction eliminates the modified nucleotide
and leaves a 3’ phosphate group (12, 27).

ously identified repeated 250-base-pair elements in the spacer,
defined by regular Alu I restriction sites, and have shown by
electron microscopy that the repeated sequence begins within
less than 150 base pairs from the initiation site (5). The region
downstream from the initiation site is also rich in A+T. Four
blocks of G+C-rich segments occur around the initiation site.

Comparison of our sequence with the sequence determined
for the region of transcription initiation in Xenopus laevis and
yeast rDNA (12-14) shows little homology (Fig. 7). By computer
analysis (26), several other homologous sequences up to 9 nu-
cleotides long were found located in completely different rel-
ative positions; they are not statistically significant. In the case
of genes transcribed by RNA polymerase II, widely conserved
sequences at a constant distance from the cap site (presumed
initiation site) have been found and are an essential requirement
for proper transcription (28). rDNA sequences from other spe-
cies and functional assays will ‘be necessayy to determine
whether a similar conserved sequence is required for initiation
by RNA polymerase 1.

‘Comparison of the sequences of different rDNA molecules
from D. melanogaster showed that the initiation region has a
conserved sequence. In particular, cloned fragments derived
from the X chromosome [genes with 5-kb type 1 insertions are
present only in the X chromosome (7)] and the Y chromosome

Proc. Natl. Acad. Sci. USA 78 (1981)
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FiG. 5. Nucleotide sequence at the 5’ terminus of the 8-kb rRNA
precursor. The 8-kb rRNA precursor was end-labeled at the 5’ end with
polynucleotide kinase. The purified 5’-terminal oligonucleotide was

-digested with several concentrations of U2, T1, and pancreatic (Y)

RNases. The ladder (L) was obtained by incubating an aliquot in 90%
formamide at 100°C for 4 hr. All samples were electrophoresed in a

-formamide/20% polyacrylamide gel. The figure represents a montage

of the relevant lanes from the gel. The sequence of the first four nu-
cleotides was determined independently as A-G-G-U (see text).

[the clone pDmr Y22 carries a gene derived from the Y chro-
mosome (4)] have identical sequences. More interesting was the
finding that three cloned rDNA fragments with uninterrupted
28S RNA coding regions and.three fragments carrying 5-kb in-
sertions had identical sequences. Two cloned rDNA fragments,
one interrupted and one uninterrupted, had a single nucleotide
substitution at position —17, in both cases A replacing G. The
fact that two independent clones with the identical substitution
have been found shows that this particular base pair is poly-
morphic in D. melanogaster rDNA, unless both changes re-
sulted from a mutation in E. coli.

The findings reported here rule out the possibility that the
biological inactivity of the interrupted rDNA repeats is due to
a modified initiation region that would not allow proper rec-
ognition by RNA polymerase 1. The difference between inter-
rupted and uninterrupted rDNA repeats with respect to in vivo
transcription might therefore be explained by the presence of
the insertion itself. Three possible explanations of the phenom-
enon can be proposed.
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Fic. 6. G+C content in the DNA sequence of the rRNA transcrip-
tion initiation region. Each point on the graph represents the per-
centage of G+C pairs in a sequence of 20 base pairs around each
nucleotide.
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Fic. 7. Comparison of the DNA sequences at the initiation site for rRNA transcription in Xenopus laevis (a) (12), D. melanogaster (b), and
Saccharomyces cerevisiae (c) (13, 14).The sequence of the noncoding strand is shown. The sequences have been aligned at the site of transcription
initiation (position 1) and at the regions of: homology, shown by boxes. Shifts were allowed to maximize homology.

(i) The insertion could act as a transcription terminator. We
have discussed this possibility (10) and consider it unlikely. No
prematurely terminated precursor rRNA molecules of the pre-
dicted size could be found. Our interpretation that interrupted
rRNA genes are transcriptionally inactive is supported by the
observation in the electron microscope of long silent DNA
stretches interspersed with active rRNA genes in D. melano-
gaster (9) and D. hydei (29).

(i) There could be a control region for transcription outside
of the region sequenced. An internal control region has been
demonstrated for the Xenopus 55 rRNA gene, located 50-80
bases downstream from the initiation site (30, 31). Our sequence
extends more than 200 bases from the initiation site but the
possibility remains of a control element located further in the
gene, even at the point where insertions oecur, 6.8 kb from the
initiation site.

(iti) The presence of an insertion  could disrupt a particular
chromatin structure necessary for initiation or elongation of
transcription. Such an effect would have to be polar (upstream)
because interrupted and uninterrupted. rDNA repeats are in-
terspersed (18). The possibility of a structural effect of a DNA
region on the activity of a potential initiation site at a consid-
erable distance upstream has also been raised in the case of im-
munoglobulin genes (32). We have tested whether the chro-
matin structure might be different in ribosomal insertion DNA
sequences and rRNA coding sequences by measuring their
DNase I sensitivity in nuclei of D. melanogaster cultured cells.
No substantial difference was observed in the DNase I sensi-
tivity of rRNA coding sequences, nontranscribed spacer se-
quences, and type 1 or type 2 insertion sequences (C. Wu, per-
sonal communieation; our unpublished data). It is still possible,
however, that a structural difference exists but cannot be de-
tected by this assay.

Besides the mechanism by which insertions prevent expres-
sion of rRNA genes, other questions remain unanswered. What

is the function, if any, of these insertion elements, and why-

have interrupted nonfunctional genes been conserved? We tend
to think that these insertion elements exist for reasons unrelated
to rRNA synthesis and that they are tolerated because a suffi-
cient number of uninterrupted genes remains in Drosophila.
Excision and integration (conservative transposition) of these
elements within the rRNA genes could explain why they were
not eliminated by unequal crossing over and also why the nu-
cleotide sequence of interrupted genes has not diverged from
uninterrupted genes.
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