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We have analyzed the sequences required for termination of human rDNA transcription. The human
ribosomal transcription unit is shown to extend about 350 nucleotides into the 3'-terminal spacer and ends
immediately upstream of a region with a distinct sequence heterogeneity. This heterogeneous region contains
a cluster of conserved 10-base pair sequence elements which exert a striking homology to the proximal part of
the 18-base pair murine rDNA transcription termination signal sequence, termed Sall box. Exonuclease IH
protection assays and in vitro transcription experiments with both homologous and heterologous human-mouse
minigene constructs, and extracts from HeLa or Ehrlich ascites cells, reveal a functional analogy of the human
sequence to the mouse Sail box. It mediates binding of a nuclear protein which functions as a transcription
termination factor. The murine signal sequence is recognized by the human factor but not vice versa. The
different sequence specificities and electrophoretic properties of the functionally equivalent protein factors
suggest that a molecular coevolution has taken place between the termination signal sequences and the genes
coding for the termination factors.

The nontranscribed spacers (NTS) separating tandemly
repeated human rRNA genes are approximately 30 kilobases
in length and exert a limited length heterogeneity within a
specific region downstream of the 3' end of the 28S rRNA
coding region. This microheterogeneity in the human 3'-
terminal NTS region consists of essentially four fragment
length variants that apparently were generated by duplica-
tion of two discrete sequence modules of about 700 and 800
base pairs (bp), respectively. Interestingly, this length vari-
ation is confined within some hundreds of base pairs of
spacer sequences starting at a Sall restriction site at position
+365 with respect to the 28S rRNA terminus and includes
some closely spaced Sall sites (14). These clustered SalT
restriction sites are part of a larger conserved sequence
element, TCCcN0,3GGGTCGACC', which is present at
least five times in the smallest size variant of the human 3'
spacer.

Recently, we have shown that in mouse RNA polymerase
I (Pol I) terminates transcription 565 bp downstream of the 3'
end of mature 28S rRNA immediately upstream of a
tandemly arranged repeated sequence motif (AGGTCGA-
CCAGTANTCCG) that contains a Sall restriction site (7).
This conserved 18-bp sequence (termed Sall box) mediates
binding of a nuclear factor and functions as a termination
signal for transcription by Pol I. For binding to occur, an
intact Sall box is required. Mutations both within the
palindrome and in the distal part of the consensus sequence
impaired factor binding and transcription termination (10).
The presence of clustered sequence elements at a similar
position in the 3' spacer with an 8-bp homology to the murine
termination signal suggests an analogous function in human
rDNA transcription. Since, however, the distal part of the
murine signal is not found in the human sequence motifs, it
seemed unlikely that the same termination factor would
recognize the human signal.
To establish a functional role for the human SalI boxlike

sequences in transcription termination, we have investigated
their interaction with a specific protein(s) in extracts derived
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from human or mouse cells, as well as their ability to direct
transcription termination on minigene constructs containing
promoter and terminator sequences from human and mouse
ribosomal genes, respectively. The results demonstrate that
the human factor recognizes both the homologous and the
heterologous SalI box sequence, whereas the mouse factor
does not interact with the human signal sequence.

MATERIALS AND METHODS
Plasmid constructions. Most of the plasmids used have

been described before (7, 10). The human subclones were
derived from pADBB19a, which was kindly provided by
R. D. Schmickel (4). pUCHrT1 contains a fragment ofhuman
rDNA extending from +308 to +431 relative to the end of
28S RNA. pUCBH is the analogous mouse clone covering
sequences from +335 to +715. In the point mutant
pUCBH589/590 the G and T residues at positions +589 and
590 were converted into C and G residues. The insertion
mutant pUCB7H differs from the wild-type pUCBH by the
insertion of seven nucleotides, GATCCCC, between nucle-
otides 12 and 13 of the first SalI box (10). These spacer
fragments fused to the mouse rDNA promoter fragment
(from -169 to + 155 with respect to the initiation site)
yielded the murine minigene constructs pPTBH,
pPT589/590, and pPTB7H, respectively (10). When linked to
the human promoter (an EcoRI-BstEII fragment from
pHrES covering sequences from -513 to +81 relative to the
initiation site), the human-mouse constructs pHrBH,
pHr589/590, and pHrB7H were obtained.
The two human minigene constructs pHrPT and pHrPTT,

contain promoter sequences from -411 to +379 and spacer
sequences from +47 to +613 (pHrPT) and from +308 to
+431 (pHrPTT,). The heterologous construct pMrPHrT
contains mouse promoter sequences from - 169 to + 155 and
human 3' spacer sequences from +308 to +786.

Transcription assays. Extracts for cell-free transcription
were prepared from exponentially growing HeLa or Ehrlich
ascites cells. S-100 extracts were prepared according to Weil
et al. (21) and nuclear extracts were prepared according to
Dignam et al. (3). For in vitro transcription, 25 to 200 ng of
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template DNA was incubated in a 50-,ul assay in the pres-
ence of a mixture of nuclear and S-100 extracts. The reaction
cocktail contained 12 mM HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid) (pH 7.9), 85 mM KCl,
0.12 mM EDTA, 5 mM MgCl2, 10 mM creatine phosphate,
0.6 mM each ATP, CTP, and UTP, 12.5 pRM GTP, and 1 to
2 ,uCi of [a-32P]GTP. The samples were incubated for 60 min
at 30°C and processed for gel analysis as described previ-
ously (6).

Si mapping experiments. Si mapping experiments were
performed essentially as described by Berk and Sharp (1). A
30-,ug amount of total RNA extracted from HeLa cells was
mixed with 1.5 x 105 cpm (specific activity, 106 cpm/4g) of a
3' labeled 567-bp BanI fragment (from +47 to +613) from the
human 3' spacer. After ethanol precipitation, the nucleic
acids were dissolved in 25 RI of hybridization buffer {80%
formamide, 0.4 M NaCl, 0.04 M PIPES [piperazine-N,N'-
bis(2-ethanesulfonic acid)], pH 6.4, and 1 mM EDTA}. The
reaction mixture was incubated at 80°C for 5 min and then at
65°C for 3 h. After dilution with 250 RI of S1 buffer, the
hybrids were treated for 30 min at 37°C with 60 U of S1
nuclease and subjected to electrophoresis on denaturing 6%
polyacrylamide gels. If transcripts from the recombinant
minigene constructs were to be analyzed, the cell-free tran-
scription assay was scaled up to 125 Rl and RNA was
synthesized in the presence of 0.5 mM concentrations of the
four unlabeled nucleotides. The RNAs transcribed in vitro
were incubated with RNase-free DNase and treated the
same as the in vivo samples.

Exonuclease Ill protection experiments. DNA fragments
derived from the human or murine 3' spacer region were 5'
labeled at the coding or noncoding strand, respectively, and
approximately 10,000 to 20,000 cpm (0.5 to 2 ng of DNA)
were incubated for 15 min at 30°C in 25 ,u of binding buffer
(12 mM HEPES, pH 8.0,75 mM KCl, 5 mM MgCl2, 0.1 mM
EDTA, 0.5 mM dithiothreitol, 4 mM NaF, 12% glycerol)
containing 1 pug of pUC9 cut with HpaII, 10 ,ug of yeast
tRNA, 1 ,ug of deoxynucleoside triphosphates, and about 15
to 30 ,ug of extract protein. After the binding reaction, 6 U of
exonuclease III was added, and incubation was continued
for a further 6 min. The reaction was terminated by addition
of 25 ,ul of 350 mM NH4-acetate-10 mM EDTA. The DNA
was purified by phenol-chloroform extraction and electro-
phoresed on 6% sequencing gels.

Electrophoretic mobility shift assay. A double-stranded
39-bp synthetic oligonucleotide (CCCGGGATCCTTCG
GAGGTCGACCAGTACTCCGGGCGAC) was labeled at
the 3' ends and approximately 5,000 cpm (ca. 0.2 pmol of
DNA) was incubated in 25 ,u of binding buffer (12 mM
HEPES, pH 8.0; 120 mM KC1, 5 mM MgCl2, 0.1 mM EDTA,
0.5 mM dithiothreitol, 8% glycerol, 1 ,ug of pUC9 DNA cut
with HpaII) in the presence of about 25 to 50 ,ug of nuclear
extract protein. After 15 min at 30°C, samples were loaded
onto low-ionic-strength (7 mM Tris hydrochloride, pH 8.0; 4
mM potassium acetate, 1 mM EDTA) 6% polyacrylamide
gels and electrophoresed at 10 V/cm for 2 h at 4°C. The gel
was then dried and analyzed by autoradiography.

RESULTS

Sequences similar to the murine termination signal are
present in the heterogeneity region of the human NTS. Indi-
vidual human ribosomal transcription units exert a charac-
teristic length variation within a specific region downstream
from the 3' end of the transcribed region (4, 12, 14, 17). The
nucleotide sequence of this heterogeneous region has been

*365
CCTCCTCGCTCCTCCGCAC |GGGTCGACCG|

.471

CTCCTCGGTCGGGCCTCCG |GGGTCGACCG|
*526

CGGCGTCTCGCCGTGTCCC GGGTCGACCG
.621

GTCTCGGTCGGCACCTCCG GGGTCGACCA|
.678

CGGCGTCTGCACGTGTCC GGGTCGACCA

consensus

ACGAACCGCGGGTGGCG

CCTGCGCCCGCGGGCGT

CGGCCTTCTCCACCGAG

GCTGCCGCCCGCGAGCT

GCAGGCGGCCGCCGGAC

TCCCN GGGTCGACCG
GO0-3 L.A

mouse SailI box AGGTCGACCAG| ANTCCG

FIG. 1. Alignment of the conserved Sall box sequence motifs
present in the human 3' spacer. The sequence is from La Volpe et al.
(14). The conserved 10-bp sequence elements containing the Sail
restriction sites are boxed. The TCCc motif is underlined. The
numbers above the Sall recognition sites mark the distance (in
nucleotides) from the 3' end of the 28S RNA coding region. The
murine termination signal is shown for comparison.

determined for three different size classes and has been
shown to be generated by multiple duplications of a funda-
mental DNA module of 700 to 800 bp (14). Each of these
DNA modules contains several Sall restriction sites. Figure
1 shows the nucleotide sequences surrounding the five SalI
sites present in the smallest class of cloned spacer fragments
as determined by La Volpe et al. (14). Interestingly, 10
nucleotides are highly conserved, eight of which exert a
dyad symmetry and are shared by the mouse Sall box
consensus sequence. The conserved nucleotides TCCG (nu-
cleotides 15 to 18 of the murine signal), which are indispens-
able for the interaction with the mouse termination factor,
are not found at a similar position in the human sequence.
Instead the motifTCCc precedes the conserved palindromic
sequence. The similarities in the localization, the repetitious
nature, and the primary structure suggest that this sequence
element TCCcN03GGGTCGACCG (referred to as the hu-
man Sall box) may represent a termination signal for human
rDNA transcription.
The 3' end ofhuman pre-rRNA maps immediately upstream

of the first Sail box. Recently, we have shown that a part of
3'-terminal spacer sequences are contained in mouse pre-
rRNA (9) and that Pol I terminates transcription 565 bp
downstream of the 3' end of mature 28S RNA (7). It was not
yet known how far the human ribosomal transcription unit
extends into the 3' spacer. We therefore mapped the 3' end
of human pre-rRNA by S1 nuclease protection experiments.
Total RNA from HeLa cells was hybridized to a 3'-end-
labeled DNA fragment which encompasses spacer se-
quences from +47 to +613 relative to the 28S RNA termi-
nus. After treatment with S1 nuclease, one major protected
band about 300 nucleotides (nt) long was observed (Fig. 2B,
lane 1) which maps the 3' end of human pre-rRNA approx-
imately 345 bp downstream of the 28S RNA coding region,
i.e., about 20 bp upstream of the first SalI site at position
+365.
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FIG. 2. Termination of human rDNA transcription. (A) Struc-

ture of human ribosomal minigene construct pHrPT and the tran-

scripts synthesized in vitro. The thin open bar represents 411 bp of

5'-terminal spacer sequences, the thick open bar represents 379 bp

of the transcribed region, and the closed bar represents 3' spacer

sequences. The box marks the Sall box sequence motif at position

+365. (B) Nuclease Si mapping of the 3' ends of rDNA transcripts

synthesized in vivo or in vitro. The 567-bp BanI fragment (from +47

to +613) was 3' labeled and hybridized to 30,ug of total RNA from

HeLa cells (lane 1) or transcripts derived from a 125-,ul in vitro

transcription assay containing 300 ng of pHrPT as template. As a

control, RNA from a nonincubated transcription assay was sub-

jected to hybridization and S1 treatment as well (lane 3). (C)

Transcripts synthesized in the HeLa extract system from pHrPT. A

200-ng portion of circular (lane 1) or linear (lane 2) template was

used in a 50-jLl assay. The 680-nt band represents transcripts

terminated in front of the first Sall box; RT are 968 nt.

The 3' end of transcripts synthesized in vitro from human

ribosomal minigene constructs coincides with that of cellular

pre-rRNA. To investigate the functional significance of the

human Sall box sequence in the process of transcription

termination, we fused the human3'-terminal spacer region to

the human rDNA promoter and tested whether these spacer

sequences would promote transcription termination on this

minigene construct. Figure 2C shows the transcripts gener-

ated in the HeLa extract system from clone pHrPT which

contains 5'-terminal sequences from -411 to +379 relative

to the initiation site and 3' spacer sequences from +47 to

+613 (see also Fig. 2A). In the circular form this template

directs the synthesis of one major transcript approximately

680 nt long (Fig. 2C, lane 1). If the template is linearized

beyond the 3' spacer sequences, 968-nt readthrough tran-

scripts (RT) are generated (lane 2).
To check whether the 680-nt transcripts represent faith-

fully terminated RNA molecules, the 3' ends of the in vitro

products were mapped in parallel to cellular pre-rRNA by an
S1 nuclease protection experiment. Transcripts synthesized

in the cell-free system (Fig. 2B, lane 2) yield the same

protected band as RNA from HeLa cells (lane 1). In addition

to correctly terminated RNA chains, a large amount of RT

which protect the whole-length fragment is also generated in

the extract system. The formation of both the terminated
transcripts and the RT is dependent on de novo transcription
since reactions that have not been incubated did not contain
RNA that hybridized to the labeled probe (lane 3).
HeLa cell extracts contain a protein that binds to the human

SaIl box sequence. If the human Sall box sequence motif
serves a function similar to that of its murine counterpart,
then it should interact with a sequence-specific DNA-binding
protein. We therefore carried out exonuclease III (exo III)
protection experiments, using a 5'-labeled, 154-bp 3' spacer
fragment covering sequences from position +308 to +431.
This fragment was incubated with either cytoplasmic or
nuclear extracts from HeLa cells and then digested with exo
III. In the presence of S-100 extracts that do not contain
significant amounts of termination factor (unpublished re-
sults), no exo III-resistant fragment caused by protein bind-
ing is observed (Fig. 3, lane 1). However, in the presence of
nuclear extracts, a new 76-bp fragment that is protected from
exo III digestion is generated (lane 2). The size of this
fragment reflects the binding of a nuclear protein to the
conserved sequence motif and maps the 5' boundary of the
protected region to nucleotide +362 on the coding strand.
This position corresponds to the base preceding the human
)ox. To prove the specificity of the observed protein-DNA
nteraction, the exo III protection experiment was also
performed in the presence of specific and unspecific compet-
itor DNA. A 20-fold molar excess of pUCHrT1 DNA com-
pletely eliminates the exo Ill-resistant band (lane 3),
whereas the same amount of pUC9 DNA did not affect the
binding of the protein to the labeled fragment (lane 4). Thus
the signal observed in the exo III protection assay is brought
about by the specific interaction of a nuclear factor with the
human SalI box sequence.
The human factor recognizes the mouse signal sequence but

not vice versa. To study the specificity of sequence recogni-
tion of the human and the murine Sall box-binding protein,
footprint experiments were carried out with nuclear extracts
from both HeLa and mouse Ehrlich ascites cells.

Figure 4 shows the results of exo III assays obtained with
the 411-bp EcoRI-HindIII mouse fragment derived from
clone pUCBH (7). This fragment extends from positions
+335 to +715 in the 3' spacer of mouse rDNA and includes
the two termination signals with the SalI sites at positions
+589 and +644. In the presence of nuclear extracts from
Ehrlich ascites cells, two main exo Ill-resistant DNA frag-
ments, 138 and 83 bp long, are observed. The lengths of the
protected fragments map the 5' boundary of the binding
region to positions +584 and +639, respectively, i.e., 3 nt
upstream of the SalI box sequence. These exo III signals can
be specifically competed with plasmid DNA containing an
intact Sall box (pUCTj, lane 3), but not with a point mutant
(pUCT1589/590) which is unable to interact with the termi-
nation factor (lane 4). Substitution of residues GT by CG at
positions 589 and 590 (i.e., the third and fourth nucleotide
within the first SalI box sequence) abolishes binding of the
factor to the signal sequence T1 and leads to an increased
interaction with the unmutated distal SalI box T2 (lanes 5 to
8).
When binding to site T1 is impaired, another 110-bp band

becomes more prominent (lanes 6 to 8). This band maps a
few nucleotides downstream of the first SalI box and cannot
be competed by sequences contained in pUCTj. This result
suggests that either conformational changes of the DNA or
binding of another not yet identified protein to 3' flanking
DNA sequences may account for this exo III-resistant
fragment.
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FIG. 3. Binding of a nuclear factor to the human Sall box. A
human 3' spacer fragment (from +308 to +431) was 5' labeled at the
coding strand and 20,000 cpm (ca. 1 to 2 ng of DNA) was incubated
with about 30 ,ug of either S-100 (lane 1) or nuclear (lanes 2 to 4)
extract proteins. After 15 min, 6 U of exo III was added, and the
incubation was continued for another 6 min. The denatured products
were separated on 6% sequencing gels along with size marker
fragments (pBR322/HpaII), shown in lane M. Lanes 1 and 2, No
competitor DNA; lane 3, 580 ng of pUCHrT,; lane 4, 560 ng of
pUC9. The arrow indicates the position of the 76-nt exo III-resistant
fragment.

Essentially the same results are obtained with extracts
from HeLa cells (lanes 9 to 16). The lengths, the competition
behavior, and relative intensities of the protected fragments
are identical to those obtained with the mouse extract,
indicating that the human protein recognizes the mouse Sall
box sequence and does not tolerate base exchanges within
the palindromic region.
When an analogous experiment was performed with a

labeled fragment from the human 3' spacer in the presence of
mouse extracts, no specific exo III-protected fragment was

generated (data not shown). This finding is in accord with
previous data which demonstrated that destruction of the
integrity of the 18-bp sequence motif abolishes binding of the
mouse factor (10) and suggests that the murine termination
factor requires a larger specific binding sequence as com-
pared to the human counterpart.

Transcription of heterologous minigene constructs. The exo
III footprint studies suggested that the human SalI box-
binding protein is more promiscuous than the mouse factor.
If this binding is a prerequisite for transcription termination,
then the murine termination sequence should direct termi-
nation in HeLa extracts, whereas the human signal should
have no effect in the mouse system.
We therefore tested the transcription of several homolo-

gous and heterologous minigene constructs in extracts de-
rived from HeLa or mouse cells. The structure of the four
templates used is illustrated in Fig. SA; the transcripts
produced from circular and linear templates are shown in
Fig. 5B. Clone pPTBH contains both promoter and termina-
tor sequences from mouse rDNA. In the circular form it
directs the synthesis of two classes of transcripts, 385 and
440 nt long, which correspond to RNAs terminated at sites
T1 and T2, respectively. After truncation with EcoRI another
defined RNA species is generated which represents RT.
Similarly, the analogous human minigene construct

pHrPTT, generates in the presence of HeLa extracts one
major band of terminated RNA chains and a significant
amount of RT when truncated with PvuII. Since the recip-
rocal experiment, i.e., testing these two constructs in the
heterologous system, cannot be done because of the pro-
nounced species specificity of the pol I initiation factors (8,
15, 16), the mouse or human promoter fragments were fused
to the heterologous terminator regions. pHrBH contains the
human promoter and the BamHI-Hinfl fragment from the
mouse spacer, including termination sites T1 and T2. In the
HeLa extract system this template directs the synthesis of
two RNA moieties, the lengths (315 and 370 nt) of which
correspond to transcripts terminated at sites T1 and T2,
respectively.
The fidelity of the termination reaction on the mouse

signal with the human transcription machinery was verified
by an S1 nuclease mapping experiment. Transcripts derived
from pHrBH in the HeLa system yield identical hybridiza-
tion signals as RNA synthesized from pPTBH by mouse
extracts (Fig. 5C), indicating that the human termination
signal can be functionally replaced by the murine Sall box.
The results of transcription experiments with the heterol-

ogous mouse-human minigene pMrPHrT are in accord with
the binding studies. In the circular form, long RT are
generated which accumulate on top of the gel. After linear-
ization with EcoRI, 637-nt runoff transcripts are observed.
Thus the human Sail box elements are not recognized by the
mouse termination factor.
The distal part of the murine termination signal is dispens-

able for interaction with the human factor. The mouse SalI
box consists of 11 and 4 perfectly conserved bases separated
by three more variable nucleotides. Both submotifs are
essential for factor binding, and the exact spacing between
the two elements has been shown to be functionally impor-
tant. An insertion of seven nt between the two domains
(pPTB7H) distorts the interaction of the murine termination
factor(s) with the Sail box sequence and abolishes termina-
tion (10). Since the human sequence does not contain the
TCCG motif downstream of the palindromic sequence, we
tested whether the 7-bp insertion between nucleotides 12 and
13 of the first Sail box, which eradicates termination in the
mouse system, will allow factor binding and termination in
HeLa extracts.

Figure 6A shows a schematic view of the 3'-terminal
spacer fragment contained in the mouse construct pPTBH or
the human-mouse rDNA fusion gene pHrBH (also Fig. SA)
and the corresponding base substitutions or the insertion
introduced into the first SalI box. The transcripts generated
from pPTBH, pPTB7H, and the point mutant pPT589/590
and from the analogous clones containing the human rDNA
promoter are shown in Fig. 6B. In the mouse system both
the insertion and the point mutations abolished termination
at site T1. The human system, however, responds differently
to mutations within the box. Similar to the mouse system,
the human factor did not tolerate base substitutions within
the palindrome (pHr589/590), resulting in a loss of termina-
tion at site T1 and a preferential usage of site T2. The
insertion mutant pHrB7H, on the other hand, still directs
termination at site T1, although with lower efficiency than
the control pHrBH.
Complementary results were obtained in binding experi-

ments with the exo III protection assay. The spacer frag-
ments contained in pUCBH and pUCB7H were 5' labeled
and assayed for their ability to specifically interact with the
murine or human Sall box-binding proteins. No interaction
of the mouse factor with the mutated binding site T1 present

MOL. CELL. BIOL.
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FIG. 4. Interaction of the murine and human factor with mouse termination signal sequences T1 and T2. The 411-bp EcoRI-HindIII
fragments from plasmid pUCBH and the corresponding point mutant pUCBH589/590 were 5' labeled at the coding strand. The binding
reactions with murine proteins (lanes 1 to 8) contained 10,000 Cerenkov counts (representing 0.5 to 1 ng of DNA) and 15 pLg of either S-100
(lanes 1 and 5) or nuclear (lanes 2 to 4 and 6 to 8) extract proteins. The binding reactions with human proteins (lanes 9 to 16) contained 20,000
Cerenkov counts (1 to 2 ng of DNA) and about 30 ,ug of either S-100 (lanes 9 and 13) or nuclear (lanes 10 to 12 and 14 to 16) extract proteins.
The denatured products were separated on 6% sequencing gels along with size markers (lanes M). Lanes 1 to 4 and 9 to 12 show the protected
fragments derived from pUCBH; lanes S to 8 and 13 to 16 show those from pUCBH589/590. Lanes 1, 2, 5, 6, 9, 10, 13, and 14, No competitor
DNA; lanes 3 and 7, 330 ng of pUCT,; lanes 4 and 8, 330 ng of pUCT1589/590; lanes 11 and 15, 660 ng of pUCT,; lanes 12 and 16, 660 ng of
pUCT1589/590. The positions of the 138- and 83-nt exo III-resistant fragments which reflect protein binding to sites T1 and T2, respectively,
are marked.

in pUCB7H occurs (Fig. 7). Instead, an increased binding to
site T2 is observed (lanes 2 and 3). However, the 7-bp
insertion does not affect binding of the hutnan protein. Both
the wild-type site T1 and the insertion mutant are recog-
nized, indicating that the distal part of the mouse signal
sequence is not required for binding the human protein.
The human and mouse Sail box-binding proteins are phys-

icafly different. The different sequence requirements of the
mouse and the human factors suggest that Pol I transcription
termination in both organisms is brought about by different
proteins. As a crude test to check the identity or difference
of the mouse and human SalI box-binding protein, a gel
mobility shift was used. Nucleat extracts were incubated in
the presence of carrier DNA with a double-stranded 39-bp
32P-labeled oligonucleotide (CCCGGGATCCTTCGGAG
GTCGACCAGTACTCCGGGCGAC) containing the murine
termination signal T1. When electrophoresed at low ionic
strength in a polyacrylamide gel, the protein-DNA complex
migrates slower than free DNA (5, 19). Figure 8 shows the
complexes formed when the probe was incubated with
mouse (lanes 1 to 3) or HeLa (lanes 4 to 6) extracts. Of the
two retarded bands, the lower one represents a site-specific
DNA-protein complex as demonstrated by competition with
pUCT, and the base substitution mutant pUCT1589/590. The
specific complex was not formed in the presence of pUCTj,

but complex formation was not affected by the mutant
pUCT1589/590. Interestingly, the mobility of the DNA-
protein complexes, which mainly depends on the electropho-
retic properties of the protein, is different in the two sys-
tems. We infer from this result that termination of human
and mouse rDNA transcription is brought about by protein
factors which, although functionally identical, exhibit dif-
ferent sequence specificity and physicochemical properties.

DISCUSSION

Recently, we have shown that an 18-bp conserved nucle-
otide sequence which is present eight times in the mouse 3'
NTS (between positions +589 and + 1163 relative to the 28S
RNA terminus) functions as a transcription terminator for
RNA polymerase I. This sequence motif is the primary
target for a specific DNA-binding protein, and the interac-
tion of this protein factor with the Sall box sequence has
been shown to be a prerequisite for transcription termination
(7, 10). A sequence comparison of rDNA transcription units
of different eucaryotes reveals conservation of this termina-
tion signal sequence in rat DNA (2, 22). A 10-bp repeated
sequence with an 8-bp perfect homology to the mouse Sall
box is found in the human NTS (14), and no significant
homology is observed in lower eucaryotes (11, 13, 18). Thus
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FIG. 5. Transcription of homologous and heterologous human-mouse minigene constructs. (A) Structure of minigene templates ofpPTBH,
pHrPTT,, pHrBH, and pMrPHrT. The thicker bar represents 5'-terminal rDNA sequences; the thinner bar represents 3' terminal spacer
regions. Mouse rDNA sequences are drawn as solid bars; human sequences are drawn as open bars. The boxes in the 3' spacer mark the
positions of the human and mouse Sail box elements. The restriction sites used for truncation of the templates are shown, and the point of
transcription initiation is marked by an arrow. The thin line represents pUC9 vector sequences. (B) Transcripts derived from the different
minigene constructs in homologous and heterologous extracts. Each template was used both in the circular form (C) or after linearization with
the respective restriction enzyme (L). The assays with pPTBH and pMrPHrT contained 100 ng of template DNA and 30 1±l of extract from
Ehrlich ascites cells. The assays with pHrPTT, and pHrBH contained 200 ng ofDNA and 30 ,ul ofHeLa extract. The arrows point to correctly
terminated transcripts. (C) 3'-End mapping of transcripts generated from pPTBH and pHrBH. The BamHI-Hinfl fragment from the 3' spacer
of mouse rDNA (from +335 to +715) was 3'-end labeled at the BamHI site and hybridized to RNA transcribed from pPTBH (lane 1) and
pHrBH (lane 2) in the mouse and HeLa extract systems, respectively. For control, a reaction with 30 jig of RNA from Ehrlich ascites cells
was performed (lane 3). After treatment with Sl nuclease and phenol-chloroform extraction, the ethanol-precipitated samples were denatured
and analyzed on a 6% sequencing gel along with size markers (M).

different sequences appear to have evolved to generate
correct 3' ends of pre-rRNA. Moreover, alternative strate-
gies for 3'-end formation of primary rDNA transcripts have
been developed. In Xenopus laevis and Drosophila
melanogaster, the formation of pre-rRNA termini has been
reported to be brought about by processing rather than by a
genuine termination event (13, 20).
To elucidate the molecular specificity of the sequences

involved in the formation of pre-rRNA termini, we have

investigated whether the sequence element TCCCGNO,3GG
GTCGACCA, which is present several times in the hetero-
geneity region of the human 3' NTS, serves a similar
function as the murine SalI box termination signal.
We have shown that the 10-bp sequence element GG

GTCGACCA, which is almost identical to the proximal part
of the mouse SalI box, is recognized by a nuclear factor,
which in turn mediates transcription termination. There is a
good correlation between factor binding and efficiency of

B
pPTBH

C L
V
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transcription termination. Substitution of the GT by CG
residues abolishes both the interaction with the presumptive
termination factor and the termination reaction. By analogy
with the mechanism of 3'-end formation of mouse pre-
rRNA, we conclude that the human elements are directing
true transcription termination and not some type of tran-
scription-linked processing. However, there are no data to
unambiguously distinguish between these two possibilities.
The human system requires much higher template concen-
trations to achieve efficient transcription initiation as com-
pared to the mouse system. Thus, at limiting levels of the
Sall box-binding protein a much higher proportion of RT is
generated in the human system (cf. Fig. 5 and 6).

Although the mouse rDNA promoter is not active in the
human extract system due to the species specificity of the
initiation factor(s) (8, 15, 16), the mouse Sall box can
functionally replace the human signal; the human sequence,

mouse

1 2 3

human extract

4 5 6M

_-O

- T,

A
a

B H AGGTCGACCAG TAC TCCG

B

8 H 589/590

87 H

99 q,

CG

TgatccoAC

4op

FIG. 7. The human factor binds to insertion mutant pUCB7H.
The 266-bp AvaI-EcoRl fragment from pPTBH and the analogous
273-bp fragment from insertion mutant pPTB7H containing 3' rDNA
spacer sequences from +453 to +715 were 5'-end labeled at the
coding strand. The binding reactions with murine proteins (lanes 1 to
3) contained 10,000 Cerenkov counts (0.5 to 1 ng of DNA) and 15 ,ug
of S-100 (lane 1) or nuclear (lanes 2 and 3) extract proteins. The
assays with human proteins (lanes 4 to 6) contained 20,000 Cerenkov
counts (1 to 2 ng DNA) and about 15 ,ug of S-100 (lane 4) or nuclear
(lanes 5 and 6) extract proteins. Exo III-resistant fragments derived
from pUCBH (lanes 1, 2, 4, and 5) and pUCB7H (lanes 3 and 6) are
shown.

__- -'T2 r_t

T_

_ * Z _T2

Sm" -.T1

FIG. 6. Effect of mutations within murine termination signal T,
on transcription termination in mouse and human extract systems.
(A) Schematic representation of the 3'-terminal BamHI-Hinfl spacer
fragment from mouse rDNA which has been fused to either the
mouse (pPTBH) or human (pHrBH) promoter. Shown is the se-

quence of the first SalI box, directing transcription termination at
site T1, as well as the base substitutions present in mutant clone
BH589/590 and the 7-bp insertion present in the B7H clones. (B)
Transcripts derived from homologous and heterologous minigene
constructs containing mutations within the first Sall box. The assays
with the pPTBH templates contained 100 ng ofDNA (truncated with
EcoRI) and 30 ,ul of mouse extract. The assays with the pHrBH
templates contained 200 ng of linear DNA and 30 Ill of HeLa cell
extract.

however, is not recognized by the mouse factor. These
results are in accord with previous experiments which
demonstrated that neither sequence variability nor a change
in the spacing between the 11- and 4-bp perfectly conserved
sequence motifs is tolerated by the murine protein (10). In
humans, a smaller signal sequence mediates factor binding
and termination of rDNA transcription. This view is sup-
ported by the following observations: (i) insertion of 7 bases
between nucleotides 12 and 13 of the mouse Sall box
eliminates binding of the murine but not the human factor;
(ii) point mutations within the conserved bases TCCG (nu-
cleotides 15 to 18 of the murine SalI box) strongly reduce the
binding and termination activity in the mouse system (10),
but have no effect on binding of the human factor (I. Bartsch,
unpublished data). Thus, this distal sequence element does
not appear to be functionally important for human rDNA
transcriptional termination and seems to have been lost
during evolution. However, the analogous sequence TCCC
always precedes the human box. At present we do not know
whether or not these sequences serve a role in the termina-
tion process. As in mice, the human termination signal is
repeated several times within a relatively small region of the
NTS. Probably most of these sites are functionally equiva-
lent. In the mouse system we could show that all sites
function independently and have the same affinity to the
termination factor (10). In the human system interaction of
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FIG. 8. Electrophoretic mobility shift with human and murine
extract proteins. A double-stranded 39-bp synthetic oligonucleotide
(CCCGGGATCCTTCGGAGGTCGACCAGTACTCCGGGCGAC)
containing the murine termination signal T1 was labeled at the 3'
ends. For each binding reaction 5,000 Cerenkov counts of labeled
DNA (representing about 0.2 pmol of DNA) was incubated at 30°C
with 2 ulI of extracts containing either 30 ,ug of mouse (lanes 1 to 3)
or 50 pg of human (lanes 4 to 6) nuclear proteins in the presence of
670 ng of competitor DNA (lanes 1 and 4, pUC9; lanes 2 and 5,
pUCTj; lanes 3 and 6, pUCT1589/590). After 15 min the samples
were electrophoresed on low-ionic-strength gels. The arrows indi-
cate the specific complexes between the labeled oligonucleotide and
the human or murine SalI box-binding protein.

the factor to the fourth and fifth box is indistinguishable from
that of site T1 (Bartsch, unpublished results). Thus, the
tandemly repeated signal sequences may have evolved to
ensure termination downstream of the coding region and to
prevent RT of the -30 kilobases of spacer sequences.
A comparison of the nucleotide sequences around the

various Sall box elements suggests that the repetitive ar-
rangement of termination sites has been generated by a
series of duplication events (7, 14). These duplications
probably occurred after the termination signal sequences of
both species diverged. The changes of the DNA sequences
must have been accompanied by a molecular coevolution of
the genes coding for Pol I-specific transcription factors.
Thus, the divergence of sequences and factors directing
transcription termination ofrDNA represents another exam-
ple of evolutionary changes in the structure and function of
multigene families. This process, which is probably brought
about by unequal crossing over, results in spreading new
information through a population and may explain the in-
compatibility between the rDNA of one species and the
transcription machinery of another.
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