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ABSTRACT  The transcription initiation site of the human ri-
bosomal RNA gene (rDNA) was located by using the single-strand
specific nuclease protection method and by determining the first
nucleotide of the in vitro capped 45S preribosomal RNA. The se-
quence of 1,211 nucleotides surrounding the initiation site was
determined. The sequenced region was found to consist of 75%
G and C and to contain a number of short direct and inverted re-
peats and palindromes. By comparison of the corresponding ini-
tiation regions of three mammalian species, several conserved se-
quences were found upstream .and downstream from the
transcription starting point. Two short A+T-rich sequences are
present on human, mouse, and rat ribosomal RNA genes between
the initiation site and 40 nucleotides upstream, and a C+T cluster
is located at a position around —60. At and downstream from the
initiation site, a common sequence, T-5-C-T-G-A-C-A-C-G-C-T-
G-T-C-C-T-¢-T, was found in the three genes from position
—1 through +18. The strong conservation of these sequences
suggests their functional significance in rDNA. The S1 nu-
clease protection experiments with cloned rDNA fragments
indicated the presence in human 45S RNA of molecules several
hundred nucleotides shorter than the supposed primary tran-
script. The first 19 nucleotides of these.molecules appear iden-
tical—except for one mismatch—to the nucleotide sequence
of the 5’ end of a supposed early processing product of the
mouse 455 RNA.

The ribosomal RNA genes (rDNA) in eukaryotes are transcribed
by RNA polymerase I (RNA nucleotidyltransferase, EC 2.7.7.6).
This enzyme is in many respects different from the other two
RNA polymerases present in eukaryotic cells (1, 2). The regu-
lation of transcription initiation by RNA polymerase II and I1I
is beginning to be understood. Conserved short sequences at
fixed distances from the initiation site were found in bacterial
genes (3) and in eukaryotic genes transcribed by RNA poly-
merase II (4, 5), although their function may not be necessarily
the same (6, 7). Very limited conserved sequences were found
in the prelude region of genes transcribed by RNA polymerase
III (8-10). Rather, sequences downstream from the initiation
point were found to be needed for correct initiation (11, 12).

Contrary to polymerases II and III, virtually nothing is
known about the regulatory sequences of transcription by RNA
polymerase I. Nucleotide sequences of ribosomal RNA tran-
scription initiation regions were determined in several eukary-
otes (13-19). Only very limited similarity was found in those
regions of the compared genes where some regulatory se-
quences might exist (19).
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In the present work, we have determined the transcription
initiation site of the human rRNA gene and then compared the
surrounding nucleotide sequences with those of the mouse and
rat ribosomal genes that were determined previously (16, 20,
21). By comparison of the corresponding regions from closely
and distantly related mammals, we were able to identify some
conserved regions that may have functional significance.

MATERIALS AND METHODS

Enzymes. Restriction endonucleases were purchased from
Bethesda Research Laboratories or from Takara Shuzo, Kyoto;
bacterial alkaline phosphatase (EC 3.1.3.1) from Worthington
and polynucleotide kinase (polynucleotide 5'-hydroxyl-kinase,
EC 2.7.1.78) from Boehringer Mannheim were used according
to the supplier’s instructions. P1 nuclease was the gift of A.
Kuninaka and M. Fujimoto (Yamasa Shoyu, Choshi). Rat liver
guanylyltransferase was purified as described (22).

Preparation of 455 RNA. 45S RNA was prepared from a hu-
man mammary tumor cell line, MX-1, inoculated into nude
mice. RNA was extracted from isolated nuclei or nucleoli, and

_the 455 RNA was purified by two or three cycles of sucrose
-gradient centrifugation as described (23).

S1 and P1 Nuclease Protection Mapping. The protocol of
Berk and Sharp (24) was followed. Briefly, 5'-end-labeled DNA
fragments (100200 ng) and 45S RNA (6-8 ug) were hybridized
at 61°C for 4 hr in 80% formamide/0.4 M NaCl/0.04 M 1,4-
piperazinediethanesulfonic acid, pH 6.8/1 mM EDTA (total
volume, 25 ul). S1 and P1 nucleases were used at 500 units/
ml and 15-60 pug/ml, respectively. S1 digestion was at 45°C and
P1 digestion was at 50°C for 1 hr. P1 buffer (suggested by M.
Fujimoto) was 0.3 M NaCl/0.05 M sodium acetate, pH 5.3/
0.1 mM ZnSO,. In these experiments we found that the P1
nuclease (25)—which was more stable than the mung bean nu-
clease (26)—was apparently superior to the S1 nuclease, gen-
erating a single-length protected DNA instead of the short
“ladder” found in'most S1 protection experiments. After phenol
extraction, DNA that had been precipitated with ethanol was
electrophoresed either in alkaline agarose (27) or in polyacryl-
amide urea gels (28).

In Vitro Capping of 45S RNA and Cap Analysis. The capping
reactions were carried out by using purified rat liver guanylyl-
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transferase and [a-2P]GTP (22) as detailed elsewhere (21).

After treatment with P1 nuclease and alkaline phosphatase,
the resulting products were subjected to paper electrophoresis
on Whatman DES8I paper (22).

DNA Sequence Determination. This was done as described
by Maxam and Gilbert (28).

rDNA Clone and Plasmid DNA Preparation. The human
rDNA fragment containing the initiation site, cloned in pBR322
(29) and designated pBE2, was the gift of R. D. Schmickel.
Plasmid DNA was prepared as described (30). Guidelines set
by the Japanese government were followed.

RESULTS

Localization of the Initiation Site by S1 Protection Mapping.
Electron microscopic measurements of human rDNA-45S RNA
hybrids showed that the 5’ end of the 45S RNA was about 3.8
kilobase(s) (kb) upstream from the beginning of the 18§ RNA
coding region (31, 32). This site falls on the EcoRl/BamHI 2.1-
kb fragment located at the extreme left of the cloned rDNA (Fig.
1A). We first used this fragment in an S1 protection experiment
with 458 RNA, obtaining two protected fragments (Fig. 2A).
The longer of these (1.6 kb) ends at about 3.9 kb from the 18S
coding region, in good agreement with the electron microscopic
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FiG. 1. (A) Restriction map of the 6.1-kb human rDNA fragment
cloned in pBR322 (29). (B) Restriction map of the EcoRI/Sal I 1.2-kb
fragment by the enzymes used for sequence analysis. (C) Sequence
analysis strategy.
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FiG. 2. Localization of the initiation site by S1 protection map-
ping. (A) The 5'-labeled EcoRI/BamHI 2.1-kb fragment (lane 1) was
hybridized with 45S RNA (lane 3) or with yeast RNA (lane 2), treated
with S1 nuclease, and electrophoresed in a 1.2% alkaline agarose gel.
The arrowheads point to the protected DNA bands. (B) The EcoRI/Sal
1 1.2-kb fragment (lane 1) was hybridized with 45S RNA (lane 3) or
with yeast RNA (lane 2), S1-treated, and electrophoresed in a 1.6%
alkaline agarose gel. (C) Determination of the 5’ end of the shorter 4558
RNA. The Hinfl/Sal I 536-base pair(s) (bp) fragment (lane 2) was hy-
bridized with 45S RNA (lane 4) or with yeast RNA (lane 3), S1-treated,
and electrophoresed in a 5% polyacrylamide/7 M urea gel. Lane 1
shows the fragments that are size markers. The arrowhead points to
the protected DNA band. (D) Determination of the 5' end of the longer
45S RNA. The 5'-labeled HinfI/HinfI 195-bp fragment (lane 1) was
hybridized with 45S RNA (lane 3) or with yeast RNA (lane 2), S1-
treated, and electrophoresed in a 5% polyacrylamide/7 M urea gel. The
arrowhead indicates the protected DNA band. The positions of size
markers are shown on the right.

observation. Another protected DNA of 1.1 kb was also found.
We next examined the same region by using the EcoRl/Sal 1
1.2-kb fragment, the left end of which was the same as that of
the 2.1-kb DNA except that 0.88 kb was removed by the Sal
I cut from the opposite side. The two protected bands that ap-
peared after S1 treatment (Fig. 2B) were found to be 0.88 kb
shorter than those in the previous experiment. These experi-
ments locate the 5’ end of the 455 RNA at about 5.6 kb from
the right EcoRI site. The second site that was found several
hundred nucleotides downstream could correspond either to
the second initiation site or to an early processing site.

To localize more precisely the 5’ end of the 45S RNA, we
used shorter 5'-labeled DNA fragments generated by cutting
the EcoRI/Sal 1 1.2-kb DNA with HinfI enzyme (Fig. 1B).
When the rightmost Sal I/Hinf1 536-bp fragment was used for
protection, a band of 280 nucleotides was detected as expected
by the previous experiment (Fig. 2C). On the other hand, the



3094  Biochemistry: Financsek et al. Proc. Natl. Acad. Sci. USA 79 (1982)

second Hinfl/Hinfl 195-bp fragment produced a protected 5 3 A B

DNA band of about 160 nucleotides (Fig. 2D), indicating that

the 5’ end of the 45S molecule is located at about 30 nucleotides C ok — -

from the left HinfI site of this fragment. Similar experiments G C \\- e

that used the next 358-bp HinfI/HinfI fragment did not give i i;\\

rise to any protected DNA band by S1 treatment (data not G ¢ .

slnovvrﬁ. G C s i "g.ll'lll'
Nucleotide Sequence of the EcoRl/Sal I 1.2-kb Fragment. S/

A restriction map constructed by the method of Smith and Birn- T A #

stiel (33) with the enzymes used for the sequence analysis are i) -

shown on Fig. 1B together with the sequence strategy (Fig. 1C). AT i

We determined the sequence of 1,211 nucleotides surrounding i

the supposed initiation site (Fig. 3). c G
The sequence data confirm the earlier observation (34) that T A

the transcribed spacer of the human rDNA is G+C-rich. Sev- S i

enty-five percent of the 1,211 nucleotides indeed consist of G-C cG

pairs. The general G+C-rich character is interrupted by a few 35 s 2

relatively short A+T-rich sequences, which precede the sup-
posed initiation site. A number of short direct and inverted re-
peats and palindromes were found (Fig. 3).

Determination of the 5' End of the 455 RNA. For more
precise location of the 5’ end of the 455 RNA, the 5'-end-la-
beled coding strand of the Hinfl/HinfI 195-bp fragment was
isolated, hybridized with the 455 RNA, and then treated with
either S1 or P1 nuclease. The protected DNA was then elec-
trophoresed together with G ladder generated from the same
DNA. Fig. 4 shows that, with either enzyme, the 455 RNA
could protect the same length of the DNA fragment ending
within a sequence of 5'-C-G-G-G-T-T-A-T-A-T-G-C-3' (on the
noncoding strand), although in our condition the exact deter-
mination of the first nucleotide was not possible because of the
long length of the protected band. However, it can be read that
the protected DNA ends much closer to the G-C at the 3’ end
than to the 5’ end, especially when a theoretical correction is
made by 1Y, nucleotides downwards (35, 13). Because we
found, by independent determinations, the first nucleotide of
the 45S RNA to be G, there remains only one possible starting
point—namely, the first G after the T-T-A-T-A-T sequence.

Determination of the First Nucleotide of the 455 RNA by
in Vitro Capping. To demonstrate the first nucleotide of the
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FiG. 4. Sizing of S1- and Pl-nuclease generated fragments. The
coding strand of the 195-bp Hinf1/Hinf1 fragment was hybridized with
45S RNA and digested with P1 (A) or S1 (B) nuclease. The material
was separated on a 0.4-mm thictk 8% polyacrylamide/7 M urea gel.
(A) Lane 1, G ladder generated from the coding strand; lanes 2, 3, and
4, P1-treated samples at concentrations of 60, 30, and 15 ug/ml, re-
spectively; lane 5, mock-hybridized with yeast RNA and P1-treated at
30 ug/ml; lane 6, the 5'-labeled coding DNA strand. (B) Lane 1, G lad-
der of the coding strand; lanes 2, 3, and 4, S1 treatment at 600, 400,
and 200 units/ml; lane 5, mock-hybridized with yeast RNA and S1
treatment at 400 units/ml; lane 6, the 5'-labeled coding DNA strand.

45S RNA, this molecule was capped by rat liver guanylyltrans-
ferase and [a-32P]GTP. This enzyme can efficiently cap the 5’
di- or triphosphate end of RNA but not the monophosphate end
of RNA or DNA (ref. 22; also unpublished). Approximately
15-20% of the human 455 RNA molecules could be capped (data
not shown). Other primary transcripts of eukaryotic rDNA were
shown to form the cap structure only up to 10-20%, probably
due to rapid processing (18, 36, 37). By analysis of the cap struc-
ture, >95% of the product was GpppG (Fig. 54) and the re-
maining 5% appeared to be GpppA. The presence of the latter
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FiG. 3. The nucleotide sequence of
the transcription initiation region of
human rDNA. The sequence of the
noncoding strand of the EcoRI/Sal I
1.2-kb fragment is shown in the 5' —
3’ direction. Transcription proceeds
from left to right. The arrow pointing
to nucleotide 1 indicates the transcrip-
tion starting point; the arrow at posi-
tion 414 shows the probable 5’ end of
the shorter 45S RNA molecules. The
direct repeats are underlined, the in-
verted repeats are marked by the lines
above the sequence, and the sequences
with dyad symmetry (palindromes) are
indicated by the dashed lines. Only
those that are at least seven nucleo-
tides long are marked.



Biochemistry: Financsek et al.

A B

‘ rw—
1 2 1 2

F1G. 5. Analysis of the cap structure formed in vitro. The positions
of the markers are indicated on the far left. (A) Cap structure formed
with 45S RNA isolated by sucrose gradient centrifugation. The capping
reaction was carried out as described. After capping, RNA was treated
with nuclease P1 and alkaline phosphatase and electrophoresed on
Whatman DE81 paper at pH 3.4 (22). Lane 1, no RNA; lane 2, with 0.26
pg of 45S RNA. (B) Cap structure formed with the 45S RNA fragment
isolated by hybridization. Conditions for the capping reaction and pro-
cessing of the samples were the same as in A. Lane 1, no RNA; lane
2, with 45S RNA fragment isolated by hybridization. In this experi-
ment, 45S RNA that was purified by sucrose gradient was hybridized
to the EcoRl/Sal I 1.2-kb DNA fragment and, after P1 nuclease treat-
ment, electrophoresed in 1.2% neutral agarose gel. To isolate the
longer DNA-45S RNA hybrids, 5’-labeled DNA-RNA hybrids were run
in the gel in parallel with the unlabeled hybrids. After autoradio-
graphy the appropriate band was cut out, recovered from the gel, and

used in the capping experiment.

product may be due either to some contaminating RNA or to
the real heterogeneity existing among the 45S RNA molecules.

To eliminate the possible contaminating RNAs in the 45S
RNA obtained by sucrose gradient, this RNA was further pu-

-150
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rified by hybridizing to the EcoRI/Sal I 1.2-kb DNA and se-
lecting the hybrids with the longer 45S RNA by the gel. Fig.
5B shows that the purified RNA can be capped, the first nu-
cleotide again being G—confirming the result obtained by us-
ing 455 RNA from the sucrose gradient.

DISCUSSION

We have localized the transcription initiation site on human
rDNA by mapping with single strand-specific nucleases and by
determining the 5' end of the 45S RNA with the in vitro capping
method. The finding that 95% of the in vitro capped 45S RNA
has G as the first nucleotide allows us to conclude that the great
majority of 45S transcription starts at position 1 shown in Fig.
3. The absence of any longer RNAs than those ending at the site
determined and the results of the in vitro capping of the 455
RNA fragment purified by hybridization confirm our assign-
ment of the initiation site. The striking homology around and
downstream from the initiation sites of the three mammalian
rDNAs (see below) is also compatible with this conclusion.

We have cloned the rat rDNA, determined the transcription
initiation site, and subjected the surrounding region to se-
quence analysis (21). Because the mouse initiation site was de-
termined earlier (16, 20), we are now able to compare two phy-
logenetically closely related mammalian rDNAs (rat and mouse)
and a more distant one (human). About 300 nucleotides sur-
rounding the initiation site are compared in Fig. 6 Upper. Al-
though the sequence near this region is very similar between
the mouse and the rat, only several stretches are homologous
or very similar among the three species.

Upstream from the initiation sites of three species, there are
afew A+T-rich stretches that resemble the Pribnow or T-A-T-A
box. These can be found at positions —21 to —18 and —43 to
—38 on the human sequence. Although not underlined in Fig,
6 Upper, there is an A+T-rich short sequence at the starting
point of the three genes (positions —5 to —2 on the human
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gene). The Xenopus rDNA also has a T cluster between —27
and —22 nucleotides. There is a short C-T cluster, located at
about —60 on the three genes, that can also be found in the
Xenopus gene at a similar position. A region found at about 120
nucleotides upstream from the initiation site is rather well con-
served in the genes that were compared and may have some
functional significance. The first 19 nucleotides at and down-
stream from the initiation point are almost identical among
three species, suggesting the functional importance of this re-
gion—together with the purine-rich conserved sequence at
around position 40—in transcription initiation. These con-
served regions can form a base-paired structure in each case as
shown by Fig. 6 Lower. Similar but more complex base-paired
regions are found, among others, in the leader transcript of tryp-
tophan operon in Escherichia coli (38), histidine operon of Sal-
monella typhimurium (39), and in the mRNA of the pE 194 plas-
mid encoding erythromycin resistance (40).

The presence of conserved sequences around the initiation
point of the three species suggests the presence of common
mechanisms in transcription regulation, although a part of the
regulatory factors may be species specific (41).

Although the shorter class of 45S RNA molecules was not
mapped precisely, we note the existence of homologous se-
quences of 19 nucleotides between the mouse and human genes
at the position where the 5’ end of this shorter RNA seems to
be localized. The position on the human gene is between 414
and 432 nucleotides after the starting point and between 651
and 669 in the case of the mouse. This sequence, if the shorter
RNA is a processing product (16, 17, 20), might serve as a pro-
cessing signal.

The sequences of the Xenopus laevis rDNA upstream from
the initiation site—G-G-G-G-A-G-C-C-G-G (—281 to —272),
T-C-C-C-C-C-G-G (—267 to —260), and T-C-C-C-C-G-G-G-C-
C (—250 to —241)—are homologous to the nucleotide sequen-
ces of the human gene at —491 to —482, —464 to —457, and
—442 to —433 in the same order although with different inter-
vals. The sequence of G-G-G-G-A-A-G (2 to 8) at the initiation
site of Xenopus and the C-G-G-G-C-G-C-C-C-G (26 to 35) se-
quence are homologous to the human sequences downstream
from the initiation site (211 to 217 and 255 to 264), again in the
same order but with slightly different interval. The presence
of these homologous sequences on the human gene at different
locations from those of Xenopus may be due to the rearrange-
ment that occurred during the evolution. The short repeated
sequences shown in Fig. 3 may provide a basis for recombi-
national events, similar to those found in bacterial (42) and eu-
karyotic (5, 43) genes. The conserved part resembling the Xen-
opus initiation region downstream from the human initiation
site may either have some function or represent only a remnant
of a former initiation site. On the other hand, the possibility that
such similar sequences come about by chance alone cannot be
ruled out completely. Further studies in vivo and in vitro with
modified rDNA sequences will answer the question as to the
role of the conserved sequences in mammalian rRNA genes.
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