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We identified and characterized an additional promoter within the nontranscribed spacer (NTS) of the rat
ribosomal gene repeat that is capable of supporting initiation of transcription by RNA polymerase I in vitro.
Within this promoter there is a sequence of 13 nucleotides which is 100% homologous to nucleotides -18 to -6
(+1 being the frst nucleotide of 45S rRNA) of the major promoter of 45S pre-rRNA and is located between
nucleotides -731 and -719. To identify the exact location of the upstream initiation site, the RNA synthesized
in vitro from this new promoter was gel isolated and subjected to fingerprint analysis, Southern hybridization,
and reverse transcriptase elongation. Based on these analyses, the in vitro-synthesized RNA initiates with an
A at nucleotide -713. When compared individually, the upstream promoter was transcribed ninefold less
efficiently than the major promoter. When templates which contain both promoters on the same piece of DNA
were transcribed, the major promoter was at least 50-fold more efficient.

Eucaryotic ribosomal genes are arranged as tandemly
repeating units. The transcription units that code for the
RNA precursor are flanked by the nontranscribed spacer
(NTS) regions. The transcribed portion of the repeat consists
of an external transcribed spacer, the region that codes for
18S rRNA, an internal transcribed spacer, the 5.8S coding
region, a second internal transcribed spacer, the region that
codes for 28S rRNA, and a short 3' external transcribed
spacer (23).

Besides functioning to direct and regulate transcription,
the NTS has been both proposed and shown to have roles in
recombination (39), DNA replication (37), and chromatin
structure (8).
By far the greatest number of studies on the NTS have

focused on its role in transcription. The DNA sequences
immediately upstream of the rRNA transcription initiation
site have been intensively studied by several laboratories. A
core promoter region, located between nucleotides -39 and
+6, has been identified, and specific nucleotides within this
region have been shown to be required for initiation (11, 18,
2,, 25, 38, 43, 47). A second region, the upstream control
element or upstream promoter element (between nucleotides
150 and -110), has been demonstrated to stabilize effec-

tively the preinitiation complex (15, 19, 30, 44, 45; B. G.
Cassidy, R. Haglund, and L. I. Rothblum, Biochim.
Biophys. Acta, in press).

In yeasts and Xenopus laevis, regions several hundred to
several thousand nucleotides upstream of the 5' end of the
ribosomal precursor have been shown to have profound
effects on promoter utilization and the efficiency of tran-
scription. In yeasts, a polymerase I promoter (42) or en-
hancer element (9) has an effect on the transcription of the
35S rRNA precursor (10). Two promoter-related elements
present in multiple copies in the NTS of X. laevis have also
been identified (reviewed in references 7 and 34). These
elements, the Bam islands and the 60- or 81-base-pair
(60/81-bp) repeats, affect the utilization of the polymerase I
promoter and are themselves partial duplications or homol-
ogies of portions of the rRNA promoter (7, 20, 32).

* Corresponding author.

We have analyzed the potential effects of the rat ribosomal
NTS on RNA polymerase I initiation and transcription in
vitro. In addition to defining the core and upstream elements
of the promoter, analogous to those mentioned above, we
identified an upstream activator element (4). This element
was mapped between nucleotides -1018 and -286 (+1 being
the initiation site of 45S rRNA). Experiments suggested that
this region forms a stable complex with trans-activating
factors.

In this manuscript, we report the identification of a poten-
tially important regulatory element within the region identi-
fied as containing the upstream activator element. We pre-
sent the localization of an RNA polymerase I initiation site
713 bp upstream of the 45S initiation site. The putative
promoter of the upstream initiation site contains a 13-
nucleotide sequence that is 100% homologous to nucleotides
-18 to -6 of the major promoter previously characterized.
In vitro this promoter is utilized an order of magnitude less
efficiently than the major promoter. The in vitro transcripts
from the upstream promoter continue into the transcribed
portion of the 45S rRNA.

MATERIALS AND METHODS
Restriction enzymes were purchased from either New

England BioLabs, Inc. (Beverly, Mass.) or Boehringer Mann-
heim Biochemicals (Indianapolis, Ind.) and were used as
recommended by the supplier. Radioactive nucleotides were
purchased from Amersham Corp. (Arlington Heights, Ill.).
[_y-32P]ATP for kinase reactions was >3,000 Ci/mmol, and
[a-32P]UTP or [Q-32P]GTP for transcription was >400
Ci/mmol. The Klenow fragment of Escherichia coli polymer-
ase and SphI linkers were purchased from Boehringer Mann-
heim. Reverse transcriptase was purchased from Interna-
tional Biotechnology, Inc. The autoradiographic signals
were quantitated with a Bio-Rad video densitometer.

Subclones. puKpn/Bam and puXba/Bam were constructed
from KpnI or XbaI digests of p3.4 (49) (Fig. 1). After
digestion, the ends were made blunt with Klenow fragment,
and SphI linkers were added. The respective DNAs were
then digested with BamHI and SphI, and the BamHI-SphI
fragments from each were gel isolated and ligated into the
BamHI-SphI-digested pUC18 vector. p1742 was constructed
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FIG. 1. Partial restriction maps of p8.5, p2.0, p1742, p3.4, puKpn/Bam, and puXba/Bam. These sites were determined from the sequence
of the rat rDNA from -3686 to +8004 (48, 50) and by restriction enzyme mapping. Sites for these restriction enzymes within the pBR322 and
pUC18 vectors have been omitted.

by ligating the XbaI-BamHI fragment from p3.4 into SphI-
BamHI-digested p5.1E/X. The XbaI site was converted into
an SphI site by blunt ending the XbaI site and adding SphI
linkers, and the fragment was isolated after digestion with
BamHI and SphI. p5.1E/X contains the ribosomal sequences
between nucleotides -286 and +638, and p1742 contains
sequences between nucleotides -1742 and +638.

In vitro transcription. rDNA templates (0.25 to 1 ,ug) were
transcribed in vitro in SO-pLI reaction mixtures with a frac-
tionated whole cell extract (DE-175) as previously described
(4).

Southern analysis. p3.4 and p1742 were digested with DraI
and Hinfl, electrophoresed on a 2% agarose gel with 4X174
HaeIII fragments as markers, and transferred to nitrocellu-
lose (41). The blot was hybridized with gel-isolated, in
vitro-transcribed RNA for 24 h at 65°C. It was then washed
two times for 30 min each with 3x SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)-0.2% sodium dodecyl
sulfate and 1.5x SSC-0.2% sodium dodecyl sulfate, fol-
lowed by autoradiography at -800C for 4 days with Kodak
XAR-5 film and a Cronex Lightning-Plus intensifying screen.
RNA fingerprinting. puKpnlBam was truncated with DraI

and transcribed with either [a-32P]GTP or [a-32P]UTP as the
labeled precursor. The in vitro-synthesized RNA was frac-
tionated by electrophoresis on a 4% polyacrylamide gel
containing 8 M urea. The 122-nucleotide band was excised
and eluted from the gel. T1 RNase fingerprinting was done by
the method of Brownlee et al. (2) as described by Busch et
al. (3).

Reverse transcriptase elongation. Subclone puKpn/Bam
was digested with SalI and DraI, and the 54-bp fragment was
gel isolated, phosphatase treated, and kinase labeled. The
labeled fragment was strand separated (26), and the single-
stranded DNA was electroeluted from the gel. RNA was
synthesized in vitro from BamHI-truncated puKpn/Bam
plasmid. In vitro-synthesized RNA was gel purified and
isolated. Gel-purified single-stranded DNA and RNA were

dried together and suspended in 10 pul of hybridization buffer
(0.4 M NaCl, 0.025 M Tris hydrochloride [pH 7.5], 30 ,ug of
tRNA). The hybrids were sealed in capillary tubes, heated at
68°C for 25 min, and then incubated at 42°C for 20 h. The
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FIG. 2. (A) In vitro transcription of p2.0 and p8.5. A 0.06-pmol
sample of p2.0 (0.26 ,ug) and of p8.5 (0.5 ,ug) truncated at the XhoI
site was transcribed (lanes 1 and 2, respectively). The expected
transcripts of 638 nucleotides are indicated (Trans). The asterisk
designates the higher-molecular-weight transcript seen only when
NTS sequences upstream of -286 were included in the assay. The
molecular weight markers (MW) here and on subsequent gels are
32P-labeled HaeIII fragments of 4X174 DNA. The internal standard
(INT. STD.) here and on subsequent gels is an end-labeled DNA
fragment of 240 bp added after transcription, as described previ-
ously (4). Numbers on left are expressed in nucleotides. (B) In vitro
transcription of puXba/Bam and puKpn/Bam. A 0.43-pmol sample
(1.0 Fg) of puXba/Bam and puKpn/Bam truncated at the BamHI site
was transcribed (lanes 1 and 2, respectively). The 427-nucleotide
transcript is marked (Trans). Molecular weight markers (MW) and
internal standard (Int. Std.) are as described in panel A.
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FIG. 3. Southern mapping of p1742 and p3.4 with in vitro-synthesized RNA as the probe. (A) p1742 and p3.4 were digested with DraI
(lanes 1 and 4, respectively) and with Hinfl (lanes 2 and 3, respectively), and the fragments were resolved on a 2% agarose gel. Numbers
beneath the Hinfl and DraI labels correspond to the numbered fragments depicted in panel C. The asterisks designate fragments which
hybridized to the in vitro-synthesized RNA as shown in panel B. MW, Molecular weight markers. (B) Autoradiograph of the Southern
hybridization pattern that resulted from the hybridization of the gel shown in panel A with in vitro-synthesized RNA. Lanes 1 and 4
correspond to the DraI digests of p1742 and p3.4, respectively. Lanes 2 and 3 correspond to the Hinfl digests of p1742 an p3.4, respectively.
(C) Partial restriction maps of p3.4 and p1742. The thick lines represent the rDNA NTS portions of the clones, and vector regions are
represented by dashed lines. Lines projecting above the thick lines represent DraI restriction sites, and lines projecting beneath the thick lines
represent HinfI restriction sites. Symbols: 0, EcoRI; *, BamHI; A, SphI (XbaI). Numbered fragments above and below the thick lines
correspond to those depicted in panel A. Asterisks mark the fragments which hybridized to the RNA. Kb, Kilobase.

hybrids were precipitated with ethanol containing 2% so-
dium acetate, suspended in 0.3 M sodium acetate, and
reprecipitated with ethanol. The pellets were dried and
suspended in 50 ,ul of elongation buffer (5 mM Tris hydro-
chloride [pH 8.0], 120 mM KCl, 7 mM MgC92, 10 mM
dithiothreitol). Avian myeloblastosis virus reverse transcrip-
tase (30 units; 3 ,ul) was added, and the mixture was then
incubated at 42°C for 1 h. The reaction mixtures were
extracted once with phenol-chloroform-isoamyl alcohol
(25:24:1, vol/vol/vol), precipitated with ethanol, dried, and
suspended in 3 ,ul of sequencing dye mix. A total of 1,000
cpm were loaded on an 8% sequencing gel alongside Maxam
and Gilbert (27) sequencing ladders of the corresponding
DraI-KpnI, double-stranded, single-end-labeled DNA frag-
ment.
DNA analysis. Micro Genie (Beckman Instruments, Inc.,

Fullerton, Calif.) was used on a Sperry microcomputer to
identify homologies and search for restriction sites.

RESULTS

Subclones p2.0 and p8.5 were transcribed in vitro after
truncation with XhoI (Fig. 2A, lanes 1 and 2, respectively).

The individual RNA products from each reaction were
resolved by gel electrophoresis. As expected, the transcript
from the major promoter in both templates ran at 638
nucleotides (Trans). When the template used was p8.5, an
extra, high-molecular-weight transcript (ca. 1,350 nucleo-
tides) was seen (Fig. 2A, lane 2). In this experiment,
relatively higher levels of template were used, conditions
which have been shown to eliminate the effect of the
upstream activator sequence (4). The synthesis of this RNA
was insensitive to high levels of a-amanitin (300 ,ug/ml) in the
transcription reaction, indicating that it was an RNA poly-
merase I transcription product. The size of this transcript
suggested that it initiated approximately 700 bp upstream of
the major promoter.

This region was further subcloned to perform a more
detailed analysis of this upstream promoter. Two overlap-
ping subclones containing the NTS sequences between
-1742 and -286 (puXba/Bam) and -1018 and -286
(puKpn/Bam) were constructed (Fig. 1). Each of these
subclones when truncated with BamHI was capable of
directing the synthesis of an RNA product of 428 nucleotides
that was also resistant to 300 ,ug of a-amanitin per ml (Fig.
2B, lanes 1 and 2).

MOL. CELL. BIOL.
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FIG. 4. Mapping of the in vitro initiation site in puKpn/Bam with

truncated templates. A 0.43-pmol sample of puKpn/Bam truncated
with BamHI. Hinfl, or DraI was transcribed in vitro (lanes 1 to 3,
respectively). The predicted RNA transcripts from each truncated
template are indicated. The BamHI-truncated template (lane 1)
yielded a 427-nucleotide transcript (#1). The HinfI-truncated tem-
plate (lane 2) yielded a 299-nucleotide transcript (#2). The DraI-
truncated template (lane 3) yielded a 122-nucleotide transcript (#3).
The additional bands in lanes 2 and 3 appear to correspond to
end-to-end transcripts. MW, Molecular weight markers; numbers on
left are in nucleotides. Lower panel: Restriction map showing the
truncated transcripts (nt, nucleotides).

From the size of the transcripts it appeared that a se-
quence upstream of the major promoter in the NTS could
direct initiation of transcription. However, these results
could also be due to initiation of transcription from within
the vector DNA and termination elsewhere in the clones.
Two experiments, described below, were designed to dem-
onstrate that the size of the RNA being synthesized was the
result of initiation within the NTS and runoff transcription
because the template was truncated at the BamnHI site. In the
first experiment, in vitro-synthesized RNA was isolated and
used as a probe for Southern analysis (Fig. 3). Clones p3.4
and p1742 were digested with either DraI or Hinfl. Figure 3A
is a picture of the ethidium bromide-stained 2% agarose gel
used to resolve the digested DNA fragments. These frag-
ments were transferred to nitrocellulose and hybridized with
radioactive, in vitro-synthesized RNA that had been gel
purified (Fig. 3B). The DNA fragments that hybridized to
this RNA correspond to overlapping regions of the two
clones and are depicted in Fig. 3C. The DraI fragments 1 and
3 from both clones hybridized, as did Hinfl fragments 3 and

5 from p1742 and fragments 3 and 7 from p3.4. No hybrid-
ization signal was detected from fragments that did not
contain NTS DNA.

In the second experiment, restriction enzyme sites up-
stream of the BamHI site (-286) were used to truncate the
template. Theoretically, digestion further upstream from the
BamHI site should yield shorter RNA transcripts if the
transcripts were terminating because of the truncation.
Three different restriction enzymes were used to truncate
the template for in vitro transcription. The template,
puKpn/Bam, digested with BamHI (-286) supported the
synthesis of a 428-nucleotide transcript (Fig. 4). With Hinfl
(-414)- and DraI (-591)-truncated templates, the transcripts
synthesized were 299 and 122 nucleotides, respectively. The
results of in vitro transcription of these truncated templates
were consistent with the possibility that the polymerase was
initiating around -710 in the NTS and elongating down-
stream, toward the major promoter.
To confirm the identity of the DraI transcript, we per-

formed RNA fingerprint analysis on the 122-nucleotide tran-
script synthesized with puKpn/Bam truncated at the DraI
site as the template. RNA was synthesized in vitro with
either GTP or UTP as the labeled precursor. The corre-
sponding T1 RNase fingerprints are shown in Fig. 5A and B,
respectively. It was possible to assign each spot to a partic-
ular oligonucleotide expected from the sequence of this
region of the DNA (Fig. 5C). Comigrating spots in the
UTP-labeled RNA fingerprint confirmed the assignment of
specific spots in the GTP-labeled RNA fingerprint. Spot A in
the UTP-labeled map was a particularly unique spot which
corresponded to the last 27 nucleotides of the transcript and
consisted of two long stretches of T's which would be
labeled U's in the RNA. From these results, we concluded
that the NTS was directing transcription by RNA polymer-
ase I and that the transcript was initiating within 5 nucleo-
tides of -713.
A primer elongation assay was used to determine the

initiation site of this transcript. A DraI-SalI fragment of
puKpn/Bam corresponding to a region downstream of the
putative initiation site was prepared as described in Materi-
als and Methods. After strand separation, both strands were
hybridized separately with the RNA synthesized in vitro
from the BamHI-truncated puKpn/Bam subclone. After hy-
bridization and elongation with reverse transcriptase, the
products of both reactions were analyzed by electrophoresis
on an 8% sequencing gel (Fig. 6) alongside Maxam and
Gilbert (27) sequencing reaction products of the correspond-
ing region of DNA. The single-stranded DNA which was
complementary to the RNA was elongated by 64 nucleotides
(Fig. 6, lane 2). After correction for differences in mobility
(24, 40), the 5' terminus of the elongation product corre-
sponded to the T on the sequence ladder, nucleotide -713.
The incompletely elongated bands seen in Fig. 6, lane 2, may
be due to pauses at G+C-rich regions or areas of secondary
structure within the RNA. Alternatively, there may be
weaker initiation start sites downstream of -713. However,
based on the truncated template assays and the fingerprint
analysis, it is unlikely that there are stronger initiation sites
downstream or upstream of -713.
The polarity of the single-stranded DNA used in the

elongation assay was determined by sequencing and by the
fact that the asymmetric restriction cuts at either end of the
DNA left the noncoding strand 4 nucleotides longer than the
coding strand. This allowed us to unambiguously assign the
polarity of the transcription. No elongation product was
detected from the noncoding strand (Fig. 6, lane 1), demon-
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FIG. 5. T, fingerprint analysis of tne 122-nucleotide transcript synthesized on the Dral-truncated puKpn/Bam template. puKpn/Bam was

truncated with DraI and transcribed in vitro, and the 122-nucleotide transcript was isolated as described in Materials and Methods. Separation
in the first dimension was by cellulose acetate electrophoresis and that in the second dimension, after transfer to polyethyleneimine, was by
homochromatography. (A) RNA fingerprint of the product synthesized with labeled GTP as the precursor. (B) RNA product synthesized with
labeled UTP as the precursor. (C) T1 fragments are designated along the RNA sequence predicted by the DNA sequence where slashes mark
the T1 RNase cleavage sites. The numbers above each fragment correspond to the spots labeled on the chromatographs. A + represents those
fragments which would be labeled by either GTP (top row) or UTP (bottom row). Note that spot A is seen only in the UTP fingerprint.

strating that the RNA product was being initiated at -713, in
the same orientation as the 45S rRNA major promoter
downstream.

Additional experiments were done to estimate the effi-
ciency at which the upstream promoter is utilized in vitro in
comparison with the major promoter. When the transcrip-
tion of equal picomoles of puKpn/Bam (which contains only
the upstream promoter) and p2.0 (which contains only the
major promoter) were compared, p2.0 was transcribed nine-
fold more efficiently (Fig. 7). In contrast, when we compared
the amount of both RNA products synthesized simulta-
neously from p8.5 (similar to that in Fig. 2A, lane 2), which
contains both promoters, the major promoter was utilized at
least 50-fold more efficiently than the upstream promoter.
The implications of these differences are discussed below.
The sequence of the region capable of directing transcrip-

tion was examined to understand its relationship to the major
promoter. A 13-nucleotide sequence was found that is 100%
homologous to the nucleotides of the major promoter be-
tween -18 and -6 (Fig. 8). This sequence lies exactly 6
nucleotides upstream of the upstream promoter initiation
start site, just as it does with respect to the initiation site of
45S rRNA. No other homologies to the major promoter site
were found in this region of the NTS.

DISCUSSION

We identified and characterized an additional RNA poly-
merase I initiation site upstream of the major promoter
within the NTS of the rat ribosomal gene. The in vitro
transcript directed by this promoter was characterized by
Southern analysis, truncated template assays, fingerprint

analysis, and reverse transcriptase elongation assays. The
initiation site was determined to be 713 nucleotides upstream
from the major promoter initiation site (+ 1) and begins with
an A residue. Sequence analysis of this region revealed a
13-nucleotide sequence which is 100% homologous with the
major core promoter (-18 to -6) and is located 6 nucleotides
upstream of the upstream initiation site.

Evidence that this initiation site is utilized in vivo has been
recently reported by Harrington and Chikaraishi (16) and by
Grummt et al. (12). Utilizing in vitro nuclear runon experi-
ments, Harrington and Chikaraishi demonstrated the synthe-
sis of significant quantities of nascent RNA transcripts which
hybridized to the NTS. Apparently, these transcripts are

rapidly degraded in vivo, as they were not equally repre-
sented when the steady-state RNA was analyzed, a result
consistent with the observations of Wood et al. (46). The in
vivo transcripts detected by Harrington and Chikaraishi
terminated before the 45S initiation site, near the Sall box
(-167). They suggested that the transcript is originating
slightly upstream of, or within, the 130-bp repeats which
constitute the variable region of the rat rDNA repeat. The
upstream promoter which we identified lies 63 bp upstream
of the SalI-Sall fragment which contains the variable region
of the rat rDNA repeat. In the mouse rDNA repeat, the
variable region is found within a 1.75-kilobase SalI-SalI
fragment (12, 25). The analogous upstream promoter would
lie approximately 65 bp upstream of this fragment, or 1,918
bp upstream of the mouse 45S initiation site, in agreement
with the preliminary results of Grummt et al. (12).

Enhancers, upstream promoters, and upstream initiation
sites have been previously described for the ribosomal genes
of several nonmammalian eucaryotes. Elison and Warner (9)
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have reported the characterization of an upstream activator
sequence 2 kilobases upstream of the 5' end of the yeast 30S
pre-rRNA. In some strains of yeasts, this element could also
direct the initiation of RNA polymerase I transcription.
Kohorn and Rae (18) reported that the NTS of Drosophila
rDNA contained several repeats of imperfect copies of the
promoter region. Miller et al. (29) suggested that the role of
these repeats is to facilitate initiation and provide a selective
advantage to the downstream promoter.
The NTS of Xenopus rDNA also contains sequences

homologous to the major promoter (for a review, see refer-
ence 34). Two elements of the rDNA promoter of X. laevis
have been duplicated. The Bam islands represent imperfect
copies of the promoter (nucleotides -145 to +4) (1); and the
60/81-bp repeats are homologous to the sequences between
-72 and -114 of the promoter. It is clear from electron
microscopic (31) and hybridization studies (33, 36) that the
Bam islands are capable of directing initiation, albeit at a
very low efficiency. Maximally efficient utilization of the
downstream promoter occurs when upstream elements are
colinear with it. The Bam islands and the 60/81-bp repeats
appear to act synergistically. Labhart et al. (20) have dem-
onstrated that the 60/81-bp repeats have enhancer proper-
ties, and it was suggested that these repeats of the promoter
region activate the ribosomal genes (35). DeWinter and Moss
(7) demonstrated that maximally efficient transcription re-
quires the presence of at least one Bam island (NTS pro-
moter). Therefore, both the Bam islands and the 60/81-bp
repeats may have regulatory roles in the transcription of
Xenopus rDNA.
We reported that an element capable of enhancing the in

vitro transcription rate of the rat rRNA gene has a 5' border
within the KpnI-BamHI (-1018 to -286) fragment that
contains the NTS promoter. The proximity of these two
activities suggests that the NTS promoter is the enhancer, or
a component of it. This would be remarkably similar to the
nature of the ribosomal gene enhancers of yeast and X.
laevis and would represent a striking example of parallel
evolution. The relationship of the NTS promoter and the
enhancer is under investigation.
The putative promoter of the upstream initiation site of the
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FIG. 6. Mapping of the 5' end of the in vitro-synthesized RNA.

Single-stranded end-labeled DNA corresponding to the noncoding
and coding strands (lanes 1 and 2, respectively) was hybridized to
the in vitro-synthesized RNA and elongated with reverse transcrip-
tase. The reaction products were electrophoresed alongside se-
quence ladders of the corresponding 5'-end-labeled double-stranded
DNA. The reactions were: G (G), A+G (A), T+C (T), and C (C).
The asterisks designate the 5' end of the in vitro elongation products
on the DNA coding-strand sequence (along the side) and the
noncoding strand (along the bottom).
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FIG. 7. Comparison of efficiencies of the upstream promoter and
the major promoter. Equal picomoles of p2.0 truncated at the XhoI
site and puKpn/Bam truncated at the BamHI site were transcribed
in vitro (lanes 1 and 2, respectively). The expected transcripts from
each truncated template are marked (Trans.). The molecular weight
markers (MW) and the internal standard (INT STD.) are those
described in the legend to Fig. 2. Numbers on the left are expressed
in nucleotides.
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-750 -740 -730 -720 -710 -700

A) GACCATCTCTAGCTAGGAGGTTGTACCTGGAGAACTTCAGGGGAGGAGGGTGGCT
+ + +++++++++++++ + * + ++ +

B) ATCTTTGCTATCTGTCCTTATTGTACCTGGAGATATATGCTGACACGCTGTCCTT
+1

-30 -20 -10 +10

OR

A) GACCATCTCTAGCTAGGAGG TTGTACCTGGAGAACTTCAGGGGAGGAGGGTGGCT
++++ + ++++ + +++++++++++++ + * + ++ +

B) ATCTTT GCTATCTGTCCTTATTGTACCTGGAGATATATGCTGACACGCTGTCCTT

FIG. 8. Sequence homology between the upstream promoter (A) and the major promoter (B). The sequence of the upstream promoter is
aligned above the homologous region of the major promoter. Conserved nucleotides are indicated with a +. The asterisks designate the
initiation sites for each promoter (+1).

rat rDNA contains homology to only a part of the core
promoter element and yet is still capable of initiating tran-
scription. This homology includes the two conserved gua-
nine nucleotides (-16 and -7) which have been shown to be
essential for initiation at the major initiation site (17, 38).
This region of the core promoter has been demonstrated to
bind to a required initiation factor, TIF-IB (5). Clos et al. (6)
also demonstrated that a point mutation at -16 eliminated
the binding of this factor as well as initiation, whereas a point
mutation at -7 effectively eliminated initiation without elim-
inating the binding of TIF-IB. On the basis of these obser-
vations, they proposed that the core promoter consists of
two distinguishable parts. In addition to the core promoter
element, the major promoter consists of several other DNA
elements (11, 12, 15, 47) which together promote efficient
initiation of transcription by polymerase I.
The upstream promoter must contain all that is necessary

and sufficient to direct initiation. Finding that a region of this
putative promoter 6 bp upstream of the initiation site is
homologous to the core promoter element suggests (i) that
this region is a part of the upstream promoter and (ii) that a
protein, such as TIF-IB, is capable of recognizing this
specific DNA sequence and directing the remaining steps
involved in initiation of transcription by RNA polymerase I.
This remains to be demonstrated. It is conceivable that the
13 conserved base pairs are capable of directing initiation by
themselves. However, mutagenesis experiments of the ma-
jor promoter have clearly shown these same 13 bp to be
insufficient to direct initiation at the 5' end of the 45S rRNA.
It is possible that these 13 bp in the major promoter are
influenced by adjacent regulatory sequences. Therefore,
moving them upstream 700 bp may eliminate the other
regulatory effects and permit RNA polymerase I to initiate
transcription, albeit inefficiently. We found no other se-
quences homologous to the other elements of the major
promoter near the upstream promoter. Arguing by analogy,
this suggests the possibility that other DNA elements that
are not homologous to the major promoter participate in
effecting initiation at -713 and that a second set of transcrip-
tion factors are required for the upstream promoter. Finally,
it is possible that the upstream promoter is constructed by
the juxtaposition of separate elements brought into proxim-
ity by DNA bending.
The upstream promoter is a weak promoter in comparison

with the major promoter. This is especially evident when the
two are colinear as they are in vivo. Thus, the function of the
upstream promoter may not be to initiate transcription but to
act as a separate signal to increase the efficiency of the
utilization of the major promoter. We have previously dem-
onstrated that a region of the NTS, the upstream activator

element, is capable of enhancing the transcription from the
major promoter (4). The upstream activator includes the
upstream promoter element. We are examining the possibil-
ity that the upstream promoter is a necessary component of
the upstream activator sequence.

Studies on ribosomal transcription in X. laevis indicate
that readthrough transcription from the NTS promoters is
not a necessary component of the mechanism by which they
act as enhancers. A strong fail-safe terminator has been
identified (21, 28, 31, 33) 213 nucleotides upstream of the
major promoter. This terminator prevents the elongation of
RNA initiated upstream from continuing through into the
40S coding region. Recently, Grummt et al. (13) have char-
acterized an element of the mouse ribosomal gene that is
sufficient to terminate efficiently transcription by polymerase
I in vitro. The mouse terminator element (Sall box) is an
18-bp sequence (AGGTCGACCAG~TNTCCG). Interest-
ingly, in rats the ribosomal gene repeat contains two such
elements in the NTS, just upstream of the 45S initiation site:
one (To) at -167 (AGGTCGACCAGTTGTTCC) and the
second (T_1) at -635 (AGGTCGACCAGAAGGCTT).
These elements would terminate transcription from the
upstream promoter in vivo and yield transcripts of either 633
or 65 nucleotides. The in vitro transcripts from the upstream
promoter do not appear to terminate at either of these sites.
There are several possible explanations for this. As pointed
out by Grummt et al. (14), only their most concentrated
nuclear extracts, and not S100 extracts, demonstrated accu-
rate and efficient termination in vitro. The fractionated Weil
extract used in our studies may be either less concentrated
or devoid of the factor required for termination. On the other
hand, transcription complexes formed at the upstream pro-
moter may not respond to these termination signals.
From studies on the NTS of organisms as diverse as yeasts

and rats, the involvement of the NTS in the initiation of
transcription seems to be a general phenomenon. It remains
to be determined whether it is actually the initiation of
transcription or simply the binding of transcription factors to
the NTS which increases the efficiency of initiation at the
major promoter. Perhaps both phenomena possess regula-
tory functions which allow for the rapid and accurate control
of ribosomal gene expression.
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