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The mouse ribosomal gene terminator consists of three
functionally separable sequence elements
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The structural requirements for 3' end formation of
mouse pre-rRNA have been studied. Three sequence

elements are shown to be required for accurate and effi-
cient transcription termination by RNA polymerase I
(pol 1) assayed both in a cell-free transcription system
and in vivo after transfection of rDNA minigene con-

structs into 3T6 cells. The essential termination signal is
the previously identified 18-bp conserved element (AGG-
TCGACCAGATNTCCG) that contains a Sall restriction
site. This sequence motif (the 'Sal box') interacts with
a specific nuclear protein that directs transcription ter-
mination. Here we demonstrate that the 'Sal box' se-

quence motif is sufficient for termination of pol I
transcripts and the release of the nascent RNA chains
from the template. However, in addition to this termina-
tion signal, pyrimidine-rich sequences flanking the box
at the 5' and 3' side play a role in the efficient and cor-

rect formation of authentic pre-rRNA termini. Down-
stream sequences contribute to the efficiency of the
termination reaction, whereas the position of 3' end for-
mation (i.e. 21 bp upstream of the 'Sal box') is affected
by 5' flanking regions. These flanking regions are

recognized by at least two different nuclear factors which
specifically bind to DNA sequences located upstream and
downstream of the 'Sal box'.
Key words: rDNA/cell-free transcription/termination/pol I/
sequence elements

Introduction
Transcription initiation of genes coding for rRNA is a highly
regulated and well-defined process. It involves the interaction
of multiple proteins with defined sequence elements upstream
of the transcription initiation site (for review see Jacob, 1986;
Sollner-Webb and Tower, 1986). In addition to DNA-pro-
tein interactions, specific protein -protein interactions are

required for the assembly of stable transcription complexes,
the formation of which is a prerequisite for faithful transcrip-
tion initiation (Wandelt and Grummt, 1983; Miesfeld and
Arnheim, 1984; lida et al., 1985). Although important pro-
moter domains and essential nucleotides within the core pro-
moter have been identified (Grummt, 1982; Learned et al.,
1983; Sollner-Webb et al., 1983; Skinner et al., 1984;
Kishimoto et al., 1985; Haltiner et al., 1986) and some of

the trans-acting factors have been characterized and purified
(Learned et al., 1985; Bateman and Paule, 1986; Clos
et al., 1986a,b; Tower and Sollner-Webb, 1987), both the

(IRL Press Limited, Oxford, England

precise mechanism of transcription initiation by polymerase
I (pol I) and the principles of regulation of pre-rRNA syn-
thesis in response to the environmental conditions are not
understood.
Even less is known about the events which cause termina-

tion of pre-rRNA transcription. In Xenopus laevis and in
Drosophila melanogaster, the entire ribosomal gene repeat
unit has been reported to be transcribed (Labhard and
Reeder, 1986; McStay and Reeder, 1986; Tautz and Dover,
1986). Thus the 3' end of the pre-rRNA in these species
appears to be generated by a type of RNA processing rather
than by a genuine termination event. In contrast, we have
shown that in mammals RNA pol I terminates transcription
at a defined point downstream of the 28S rRNA coding
region (Grummt et al., 1986a; Bartsch et al., 1987). We
have used gene fusions containing the mouse rDNA pro-
moter and 3' terminal spacer regions to investigate the
mechanism of transcription termination by pol I. We could
show that 3' end formation of mouse pre-rRNA occurs
565 bp downstream of the 28S rRNA terminus 21 bp
upstream of an 18-bp conserved sequence element AGG-
TCGACCAG4TANTCCG, which is repeated eight times
in the 3' spacer between positions +587 and +1178
(Grummt et al., 1985). This sequence element (the 'Sal box')
mediates binding of a nuclear factor and transcription ter-
mination (Grummt et al., 1986a). We have now examined
whether this 18-bp sequence element by itself is sufficient
or whether additional sequences contribute to the formation
of correct 3' ends. We find that the box itself does not con-
stitute a fully efficient terminator but that the specific and
efficient 3' end formation of transcripts requires the presence
of natural sequences upstream and downstream of the 'Sal
box'.

Results
The sequence elements shown to be essential in vitro
are also functionally active in vivo
In previous studies we have used a cell-free system and ar-
tificial ribosomal minigene constructs to demonstrate the im-
portance of an 18-bp conserved sequence element containing
a SalI restriction site (the 'Sal box') in the process of
transcription termination by mouse pol I and the involve-
ment of a nuclear factor which specifically interacts with
this termination signal. To investigate whether these DNA
sequences play the same functional role within the cell,
minigene constructs which contain parts of the bacterial
marker gene coding for chloramphenicol acetyltransferase
(CAT) positioned between the promoter and terminator
region (Figure IA), were transfected into 3T6 cells and the
transcription of these gene fusions was monitored by analysis
of cellular RNA. The presence of the bacterial gene frag-
ment coding for CAT allowed us to detect pol I-specific
transcripts derived from the exogenous DNA above the high
background of cellular pre-rRNA. pMrC-BH is a plasmid
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Fig. 1. Termination of rDNA minigene transcripts in the cell-free
system and after transfection into 3T6 cells. (A) Schematic
representation of the rDNA minigene constructs pMrC-BH and pMrC-
BH589/590. Both plasmids contain 324 bp of the rDNA promoter
region, 250 bp of the CAT-coding region and 378 bp of the 3'
terminal rDNA spacer. The boxes indicate the positions of the first
and second 'Sal box', the sequence of which is shown below the first
box. The two nucleotide exchanges introduced into positions +589 and
+590 in the mutant clone are indicated. (B) Northern blot analysis of
RNA from cells transfected with pMrC-BH or pMrC-BH589/590. Ten
micrograms of RNA isolated from 3T6 cells transfected with pMrC-
BH (lane 1) or pMrC-BH589/590 (lane 2) were resolved on an 1.5%
agarose gel containing 8% formaldehyde. After blotting to
nitrocellulose filters RNA was hybridized for 16 h at 42°C to the
1632-bp HindIII-BamHI fragment derived from pSV2-CAT (Gorman,
1985). (C) S1 nuclease mapping of transcripts synthesized in vitro and
in vivo. Transcripts synthesized in a 50-1u assay containing 30 ng of
pMrC-BH and pMrC-BH589/590 respectively (lanes 1 and 2), or
transiently expressed after transfection of 3T6 cells with these
constructs (lanes 3 and 4) were hybridized to the 3' labelled 669-bp
PvuII fragment from pMrC-BH and pMrC-BH589/590 respectively for
3 h at 640C. After treatment with SI nuclease the protected fragments
were resolved on 6% sequencing gels. Transcripts terminated upstream
of the first and second box (T1 and T2) yield a 336- and 391-nt
protected fragment respectively.

covering the rDNA promoter region, 250 bp of the CAT-
coding region and 378 bp of 3' terminal spacer sequences
from +335 to +712 including two termination sites. pMrC-
BH589/590 is an identical construct which contains two base
exchanges within the first 'Sal box' at positions +589 and
+590. These point mutations have previously been shown
to impair the interaction with the 'Sal box' binding protein
which in turn results in inhibition of termination (Grummt
et al., 1986a).

Figure lB shows CAT-specific transcripts transiently ex-
pressed in 3T6 cells transfected with pMrC-BH and pMrC-
BH589/590 respectively. The Northern analysis reveals a
distinct class ofRNA molecules with an approximate length
of 700 nt, a size which corresponds to the distance from the
transcription start site to the termination site(s). The slight-
ly slower mobility of the transcripts derived from cells
transfected with the mutant pMrC-BH589/590 suggests that
due to mutation of the first 'Sal box' the termination site
T2 located 55 bp further downstream has been used.
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Fig. 2. Transcription termination by a 'Sal box' oligonucleotide.
(A) Structure of the minigene plasmid pMrC-SB. The thin open bar
represents 169 bp of the 5' non-transcribed spacer (NTS), the thick
open bar represents 135 bp of the 5' terminal external transcribed
spacer (ETS), the hatched region marks the 167-bp StuI-PvuII
fragment from pSV2-CAT (Gorman, 1985), and the dark box indicates
the position of the 18-bp synthetic oligonucleotide encompassing the
'Sal box' sequence. (B) Transcripts synthesized in the murine extract
system from pMrC-SB (lanes 1 and 2) and pMrC552-650 (lanes 3 and
4). Thirty nanograms circular (lanes 1 and 3) and linear (lanes 2 and
4) template DNA were used in a 50-td assay. The arrows mark the
position of terminated transcripts. (C) 3' end mapping of transcripts
synthesized from pMrC-SB. Transcripts were synthesized in the cell-
free system from pMrC-SB and were hybridized to 0.003 pmol
(50 000 c.p.m.) of a labelled complementary RNA probe obtained by
transcription of SP64C-SB by SP6 RNA polymerase (lane 1).
Hybridization and RNase treatment was performed as described in
Materials and methods. The RNase-resistant hybrids were run on a 6%
sequencing gel along with size markers (pBR322/HpaII, lane 2). The
upper band corresponds to undigested probe and read-through
transcripts (RT); the terminated transcripts are marked by an arrow.

In order to map the 3' ends of these cellular transcripts
at the nucleotide level, nuclease SI protection experiments
were carried out (Figure 1C). Transcripts synthesized in vitro
are shown for comparison. The 3' ends of transcripts tran-
siently expressed in 3T6 cells (lanes 3 and 4) are in-
distinguishable from RNA synthesized in the cell-free system
(lanes 1 and 2). When pMrC-BH was used as template, the
majority of transcripts mapped upstream of the first box
(TI) at position +565 with respect to the end of 28S rRNA
(lanes 1 and 3). This site corresponds to the 3' end of cellular
pre-rRNA as determined before (Grummt et al., 1985). In
addition, transcripts terminated at the second box (T2) are
observed in both systems. The point mutations within the
first 'Sal box' element contained in pMrC-BH589/590
strongly decreased termination at site T, and resulted in a
preferential usage of the intact site T2 (lanes 2 and 4). Thus,
the 'Sal box' signal sequence appears to serve the same func-
tion in 3' end formation of pre-rRNA both in vitro and in
vivo.

The 'Sal box' is necessary and sufficient to mediate
transcription termination
In view of the functional importance of the 'Sal box' in
transcription termination we have examined whether these
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Fig. 3. Effect of adjacent DNA sequences on the efficiency and accuracy of transcription termination. (A) Schematic representation of the minigenes

containing different 3' terminal sequences. The promoter region (from position -169 to + 155) to which the synthetic 'Sal box' (SB) oligonucleotide

or 3' terminal rDNA spacer fragments were fused is shown. The box marks the 18-bp 'Sal box' sequence. The flanking regions extend to position

+552 and +650 respectively with respect to the end of the 28S rRNA coding region. (B) Transcripts derived from the different minigenes. The

templates were cleaved with Puvll and 30 ng of template DNA plus 70 ng pUC9 were used in the transcription assay. Lane 1, pMr-SB; lane 2,

pMrSB-650; lane 3, pMr552-SB; lane 4, pMr552-650; lane 5, pMr552-X-650. The transcripts were analysed by electrophoresis on a 4.5%

polyacrylamide gel. The lower RNA bands (marked by an arrowhead) represent terminated transcripts, the upper bands are read-through transcripts

(RT). (C) Evaluation of the termination efficiency of different minigene constructs calculated from the relative amounts of terminated versus read-

through transcripts. (D) 3' end mapping of transcripts derived from minigenes containing different 3' terminal flanking sequences. Thirty nanograms

of circular template DNA pMrC552-SB (lane 1), pMrC552-650 (lane 2) and pMrC552-X-650 (lane 3) were transcribed in vitro and RNA was

analysed by SI mapping using a 287-bp HindllI-EcoRl fragment from pMrC552-650. The S1-resistant DNA fragments were resolved on a 6%

polyacrylamide-8 M urea gel adjacent to chemical cleavage reactions of probe DNA. The 188-nt band corresponds to transcripts the 3' ends of

which map at position +565.

18 nucleotide pairs are sufficient to stop transcription, or
whether they work in concert with additional elements of
the rDNA spacer. A synthetic 18-bp oligonucleotide con-
taining the 'Sal box' sequence was fused downstream of the
rDNA promoter and a fragment from the CAT gene to yield
the recombinant plasmid pMrC-SB (Figure 2A). The tran-
scripts derived from this artificial minigene construct in the
cell-free transcription system are shown in Figure 2B. In
the circular form (lane 1) this template yields a defined class
ofRNA molecules whose length corresponds to the distance
from the initiation site to the synthetic 'Sal box'
oligonucleotide. Read-through transcripts accumulate on top
of the gel. After truncation with Pvufl, run-off transcripts
532 nt long (RT) are synthesized in addition to terminated
RNA chains (lane 2). The efficiency of transcription termina-
tion at the synthetic sequence motif, however, was signifi-
cantly lower compared with the control pMrC552-650, an
identical construct containing natural adjacent DNA se-
quences (lanes 3 and 4).
To locate precisely the 3' ends of RNA terminated at the

synthetic 'Sal box', trancripts synthesized from pMrC-SB
were mapped by the RNase protection technique. From the
Maxam -Gilbert sequencing reactions run in parallel to the
probes (not shown), the 3' ends of the terminated transcripts
can be localized at the nucleotide level. Surprisingly, the
3' terminus of transcripts mapped only 11 bp upstream of
the box, whereas transcripts from constructs which contain
natural termination sites have been shown to map 21 bp
upstream of the 'Sal box' at nucleotide + 565. This result
suggests that the pyrimidine-rich sequences which normally
flank the box may affect the formation of correct 3' termini.

Sequences flanking the 'Sal box' at the 5' and 3' site
determine the accuracy and efficiency of 3' end
formation

To study which sequences determine the specificity of 3'
end formation and affect the efficiency of the termination
process, rDNA minigenes were constructed which contain-
ed in addition to the 'Sal box' signal (from +587 to +604)
adjacent 3' spacer regions encompassing upstream sequences
from position + 552 and downstream sequences extending
to position +650 respectively. The recombinant plasmids
used and the transcripts generated in the cell-free system at
linear templates are shown in Figure 3A and B. The lower
band represents terminated RNA molecules, the upper band
shows read-through transcripts. The ratio of terminated ver-
sus read-through transcripts is a measure for the efficiency
of the termination reaction. In this experiment the assay con-
ditions were chosen (template concentrations and extracts
used) to yield an approximate 1:1 ratio of terminated to read-
through transcripts in the control construct containing 3' ter-

minal sequences from +552 to +650 (pMr552-650). The
quantitative evaluation of the termination efficiency (Figure
3C) demonstrates that the presence of sequences flanking
the 'Sal box' at the 3' site augments termination -2-fold
(pMrSB-650). Addition of 5' flanking regions has no effect
on the efficiency of termination (pMr552-SB). If both 5' and
3' adjacent sequences were contained in the minigene con-

struct (pMr552-650) the termination efficiency was increased
above the level observed with 3' flanking sequences alone
(pMrSB-650), indicating that both regions contribute to the
efficiency of the termination reaction.
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Fig. 4. Release of terminated transcripts from the template. 60 ng of
minigene constructs pMrC-SB (lanes 1-3) or pMrC552-650 (lanes
4-6) were transcribed in a 100-lI transcription assay in the presence
of 140 ng of pUC9 DNA. After incubation for 60 min at 30°C, 50 til
of the reaction mixture was centrifuged at 15 000 g for 10 min.
Radiolabelled RNA from the uncentrifuged reaction (lanes 1 and 4),
the resultant supematant (lanes 2 and 5) and the pellet fraction (lanes
3 and 6) was extracted and resolved on 4.5% polyacrylamide gels.
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Fig. 5. Electrophoretic mobility shift assay with DNA fragments
containing DNA sequences upstream or downstream of the first 'Sal
box'. (A) Mobility shift with the 85-bp EcoRI-HindIII fragment from
pUC552-591. Each assay contained -20 000 c.p.m. (-0.5 ng) of 3'
end-labelled DNA, 15 lAg of nuclear extract protein, and 500 ng of
different competitor DNAs: pUC9 (lane 1), pUC552-591 (lane 2),
pUC552-598 (lane 3), pUC599-650 (lane 4) and pUCT, (lane 5). The
fast-migrating DNA-protein complex (FC) characteristic for binding
of protein(s) to 5' flanking regions is marked. (B) Mobility shift with
the 71-bp EcoRI-HindIII fragment from pUC599-650. The assay is
analogous to that of (A). The following competitor DNAs were used:
pUC9 (lane 1), pUC552-591 (lane 2), pUC552-598 (lane 3),
pUC599-650 (lane 4), pUCT, (lane 5) and pUCT2 (lane 6). The more

slowly migrating DNA-protein complex formed with the 3' flank is
designated SC. (C) Nucleotide sequence of the regions flanking the
'Sal box' motif. The sequence of the non-coding strand is shown. The
arrow marks the position of the 3' end of 45S pre-rRNA at position
+565. The boxed nucleotides represent part of the 'Sal box' element.

Next we examined whether the effect of the 3' flanks relies
on a spatial relationship between the elements themselves.
Clone pMrS52-X-650 is identical to clone pMrS52-650 ex-
cept that 13 bp foreign DNA from the pUC9 multiple clon-
ing site were inserted between positions +604 and +605,
thus expanding the distance between the 'Sal box' and the
3' flank. Since the efficiency of transcription termination is
significantly decreased by this insertion, we suggest that both
sequence elements -the 'Sal box' and neighbouring sequen-
ces -function synergistically and that their effect is position
dependent.

In order to determine whether the 3' ends of transcripts
derived from templates with 5' flanks map 21 bp upstream
of the box as found for cellular pre-rRNA, S1 mapping ex-
periments were performed. As shown in Figure 3D, the ter-
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mini of transcripts synthesized from all three templates
containing 5' flanking sequences map precisely at +565,
the position which corresponds to the 3' end of cellular pre-
rRNA. In the absence of these upstream sequences RNA
chains extending 10 nt further downstream are formed (see
Figure 2). Thus the generation of correct 3' ends upstream
of the box is affected by the presence of 5' flanking se-
quences.

Transcripts terminated at the 'Sal box' are released
from the template
In order to get insight into the function of the neighbouring
sequences we studied whether the flanks facilitate the release
of the nascent RNA from the DNA. Two minigene constructs
pMrC-SB and pMrC552-650, which differ by the presence
of sequences flanking the 'Sal box', were used as templates
in the cell-free system. After transcription the reaction assay
was fractionated into supernatant and pellet by centrifuga-
tion. By this procedure the DNA together with associated
proteins which have assembled into large sedimentable com-
plexes is quantitatively pelleted (Culotta et al., 1985). By
analysis of the nucleic acids present in the resulting pellet
and supernatant fraction it is possible to estimate the relative
amount of RNA that is bound to the template versus the
number of RNA molecules liberated from the DNA. As
shown in Figure 4, the large majority of minigene transcripts
terminated at the box are recovered in the soluble fraction
(lanes 2 and 5), irrespective of whether or not flanking se-
quences are contained in the template. Long non-terminated
transcripts which have traversed the closed circular template
are predominantly found in the sedimentable fraction, in-
dicating that they were bound to the DNA. This finding
demonstrates that at the 'Sal box' the nascent RNA chains
are released from the template both in the presence and
absence of flanking sequences. Thus the box itself acts as
a terminator which makes the pol I stop and release the RNA
from the elongation complex.

Distinct proteins bind to DNA sequences upstream
and downstream of the 'Sal box' sequence motif
In view of the functional importance of the sequence flank-
ing the 'Sal box' we investigated whether these neighbour-
ing regions are recognized by specific DNA binding proteins.
For this we used the gel retardation assay which was initial-
ly described by Fried and Crothers (1981) and by Gamer
and Revzin (1981). Two fragments encompassing sequences
from +552 to + 591 and from +599 to +650 respectively
were 3' end-labelled and incubated with nuclear extract pro-
teins in the presence of different competitor DNAs. The
DNA -protein complexes were separated from free DNA
by electrophoresis in low-ionic-strength polyacrylamide gels.
As shown in Figure 5, different complexes were formed
depending on the DNA fragment used. There was a fast
migrating complex (FC) which is specific for sequences
located upstream of the 'Sal box' (Figure SA). This specific
protein -DNA complex can be competed by homologous
sequences contained in the plasmids pUC552-591 (lane 2),
pUC552-598 (lane 3) and pUCT1 (lane 5). Formation of
this fast complex is not impaired by the presence of pUC9
(lane 1) or pUC599-650 (lane 4).

Apparently, the sequences downstream of the box are
recognized by different proteins. The DNA-protein com-
plex formed with the 3' flanks (SC) migrates more slowly
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than that formed with the 5' flanking DNA probe (Figure
SB). The sequence specificity of the complex formed with
the 3' flank is clearly distinct from that of the complex form-
ed with the upstream sequences. Complex formation is not
prevented by the presence of pUC9 (lane 1) and the sub-
clones which contain 5' flanking sequences between posi-
tions +434 and +598, i.e. pUC552-591 (lane 2),
pUC552-598 (lane 3) and pUCT1 (lane 5). The formation
of the specific complexes is competed by sequences located
downstream of the box present in pUC599-650 (lane 4) and
pUCT2 (lane 6). Thus the pyrimidine-rich regions flanking
the box at both sides interact with different proteins which
exhibit different sequence specificities. This is an unexpected
finding, taking into account the sequence similarity of the
two fragments (Figure SC). In view of the functional dif-
ferences of 5' and 3' flanking sequences on the accuracy
and efficiency of transcription termination, it is suggested
that these effects are mediated by different proteins which
bind specifically to these neighbouring sequences.

Discussion
We have investigated the sequence requirements for 3' end
formation of mouse pre-rRNA. In accord with our previous
findings we demonstrate that the most important element is
the 18-bp 'Sal box' sequence motif which functions as ter-
mination signal and which on its own is capable of stopping
transcript elongation and releasing the nascent RNA chains.
However, transcription termination brought about by the syn-
thetic 'Sal box' removed from its normal gene environment
was much less efficient compared with the natural terminator
containing 5' and 3' adjacent sequences. More importantly,
the 3' ends of transcripts which in the presence of 5' flanks
map 21 bp upstream of the box, extend 10 nt further
downstream in the absence of natural flanks. Thus, the
neighbouring sequences contain information which augments
the termination reaction and plays a role in the positioning
of 3' termini.

In previous reports we have presented several lines of ex-
perimental evidence suggesting that the 'Sal box' is a
transcription terminator and not a processing signal (Grummt
et al., 1986b). However, at present we cannot exclude the
possibility that 3' end formation 21 bp upstream of the box
is the result of a limited 3' terminal trimming or processing
reaction which is coupled to transcription termination. In this
case pol I would stop transcription in front of the box at
nucleotide +575 (the stop observed with the template pMrC-
SB containing the synthetic 18-bp sequence), followed by
a very rapid cleavage of the last 10 nt. In fact, such putative
processing intermediates have been observed both in vivo
and in the cell-free transcription system by pulse-chase ex-

periments (A.Kuhn, unpublished results).
It is very likely that both the stimulating effect of the 3'

flank and the positioning effect of the 5' flank are mediated
by trans-acting factors which recognize these sequences.
Using the mobility shift assay we have shown that the flank-
ing regions interact specifically with different proteins. Both
the nature of these proteins and their function in the process
of 3' end formation is still unknown. We also do not know
whether there is a functional interaction of the flank bind-
ing proteins with the nuclear factor which binds to the 'Sal
box'. The fact, however, that a 1 3-bp insertion between the
box and the 3' flank largely suppresses the stimulatory ef-

fect of the downstream region suggests that the spatial ar-

ray of both sequence elements is a prerequisite for their
synergistic action.
Such a synergistic effect of different sequence elements

in transcription termination is not without precedent. The
X. laevis ribosomal gene terminator (the T3 box) represents
a 12-bp element which is required to specify the formation
of correct 3' ends (Labhard and Reeder, 1987). Removal
of the T3 box from its normal gene environment results in
a significant amount of read-through transcripts, indicating
that additional sequences may be required for complete ter-
minator function. Similarly, it has been shown that a con-
served box in the 3' flanking region of U 1 and U2 genes
is absolutely required for precursor 3' end formation. This
box acts in concert with two upstream sequence elements
which affect the efficiency and accuracy of mature 3' end
formation (Hernandez, 1985; Mattaj and De Robertis, 1985;
Yuo et al., 1985; Ciliberto et al., 1986). Furthermore, two
or three distinct elements have been shown to be required
for efficient generation of 3' ends of both polyadenylated
and non-polyadenylated mRNA termini. A 35-base region,
located downstream of the AAUAA sequence, the essential
signal for 3' terminal processing of the primary transcript
(reviewed by Birnstiel et al., 1985), has been shown to be
essential for rabbit 3-globin formation (Gil and Proudfoot,
1987). In the sea urchin H2A gene tripartite sequences in-
cluding part of the coding region together with two separate
sequences in the 3' flanking region constitute an RNA pol II
termination signal (Johnson et al., 1986). However, there
is a marked difference in the molecular mechanism of 3'
end formation of different classes of RNA. Whereas the
generation of mRNA 3' termini is brought about by a pro-
cessing event which involves the specific interaction of defin-
ed proteins with sequences of the mRNA precursor,
pre-rRNA transcription termination clearly involves
DNA -protein interactions.

Materials and methods
Plasmid constructions
All minigene constructs used are derivatives of pMrWT (Skinner et al.,
1984). pMrWT contains a 324-bp SaAl-SmnaI fragment (from -169 to
+ 155) from the 5' region of the rDNA repeat. Different 3' terminal spacer
sequences are contained in pMr-SB, pMr552-SB, pMrSB-650 and
pMr552-650. The numbers mark the boundaries of flanking sequences pre-
sent in the gene fusions, SB marks the 'Sal box' sequence motif extending
from position +587 to +604 relative to the 3' end of 28S rRNA. Thus,
in pMr-SB a synthetic oligonucleotide containing the 18 bp of the first 'Sal
box' is fused downstream of the rDNA promoter, pMrS52-SB contains the
box and upstream sequences starting at nucleotide + 552. Similarly,
pMrSB-650 contains the box and 3' flanks extending to nucleotide +650.
The terminator region in the normal gene environment covering 3' spacing
sequences from +552 to +650 is contained in plasmid pMrS52-650. For
construction of the spacing mutant pMr552-X-650, the plasmid pMr552-SB
was cleaved with EcoRI and the 48-bp RsaI-HindIl fragment (from +599
to +646) was inserted by blunt-end ligation. Thus a recombinant DNA was

formed (pMr552-X-650) which is identical to pMr552-650 except for a 13-bp
insertion between the box and the downstream sequences. To use these kinds
of constructs also in transfection experiments and to facilitate S1 mapping,
a reporter gene fragment was inserted between the promoter and terminator
region. For this, the minigenes were cleaved with AvaI and the 167-bp
StuI-PvuII fragment derived from pSV2-CAT was inserted to yield the

plasmids pMrC-SB, pMrC552-SB, etc.
The plasmid pMrC-BH and the point mutant pMrC-BH589/590 (see Figure

IA) are derivatives of pPTBH (Grummt et al., 1985, 1986a). They con-

tain the 324-bp 5' terminal rDNA fragment, the 250-bp HindILI-PvuII frag-
ment from the CAT-coding region present in pSV2-CAT (Gorman, 1985),
and the 378-bp BamnHI-Hinfl fragment from positions +335 to +712
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relative to the 28S rRNA terminus. In pMrC-BH589/590 the guanine and
thymine residues at positions +589 and +590 have been converted into
C and G residues respectively (Grummt et al., 1986a).

In the mobility shift assays subclones containing different regions from
the 3' spacer were used. pUC552-591 contains a FnuDII-HindII fragment
covering sequences from +552 to +591, pUC599-650 contains a RsaI -SaIl
fragment which extends from +599 to +650. pUC552-598 covers sequences
from the FnuDII site (at position +552) to the RsaI site at +598. The
plasmids pUCT1 and pUCT2 used as competitors contain the 171-bp (posi-
tion +434 to +604) and 83-bp (from +604 to +686) Ncil fragments respec-
tively, cloned into the SniaI site of pUC9 (Grummt et al., 1986a).

In vitro transcription assay
S-100 and nuclear extracts were prepared from cultured Ehrlich ascites cells
according to Weil et al. (1979) and Dignam et al. (1983). For in vitro
transcription 30 ng of template DNA and 70 ng of pUC9 carrier DNA were
incubated in a 50-jsl assay in the presence of a mixture of nuclear and S-100
extracts. The reaction mixture contained 12 mM Hepes (pH 7.9), 85 mM
KCI, 0.12 mM EDTA, 5 mM MgCI2, 10 mM creatine phosphate,
0.6 mM each of ATP, CTP and UTP, 12.5 ltM GTP and 1 ACi of [c- 32P]-
GTP. The mixture was incubated for 60 min at 30'C and was processed
for gel analysis as previously described (Grummt, 1982). To prepare unlabel-
led RNA the assay was scaled up to 100 1l and transcription was perform-
ed in the presence of 0.6 mM of each of the four ribonucleoside
triphosphates. Samples to be analysed by Si mapping were treated with
DNase I before phenol extraction and ethanol precipitation.

Transfection of cells and preparation of cellular RNA
Subconfluent cultures of 3T6 cells were transfected with 20 Isg of super-
coiled plasmid DNA by the calcium phosphate technique (Graham and Van
der Eb, 1973). The cells were harvested 44-48 h after transfection. RNA
was isolated by the method of Chirgwin et al. (1979), dissolved in sterile
water at 2 mg/mi and used for hybridization.

Nuclease SI mapping of 3' ends of transcripts
RNA from a preparative (100 Al) in vitro transcription assay or 50 jig of
cellular RNA extracted from transfected cells was mixed with the labelled
hybridization probe, precipitated with ethanol and dissolved in 25 Al
hybridization buffer (80% formamide, 0.4 M NaCI, 0.04 M Pipes, pH 6.4
and 1 mM EDTA). After hybridization for 3 h at the appropriate temperature
(see figure legends) the hybrids were treated with 100 U SI nuclease (Berk
and Sharp, 1977). The hybrids were purified by extraction with
phenol-chloroform and analysed on 6% sequencing gels along with size
markers (pBR322/HpaII) or a Maxam-Gilbert sequencing ladder of pro-
be DNA.

RNase protection assay
A 201-bp HindIll fragment derived from pMrC-SB was fused in reverse
orientation to the SP6 promoter to yield the recombinant plasmid SP64C-
SB. 300 ng of this plasmid were linearized with EcoRI and transcribed in
a 10-1d reaction mixture containing 40 mM Tris-HCI (pH 7.5), 6 mM
MgCl2, 10 mM DTT, 2 mM spermidine, 0.1 mg/ml BSA, 0.5 mM each
of ATP, CTP and UTP, 25 yCi [ca-32P]GTP, 15 U RNase inhibitor and
S U SP6 RNA polymerase. 0.003 pmol of this labelled complementary RNA
probe was hybridized to cold RNA synthesized in a 25-11 in vitro assay
containing 15 ng of pMrC-SB as template. After hybridization at 37'C in
80% formamide, 0.4 M NaCl, 0.04 M Pipes (pH 6.4) and 1 mM EDTA
for 3 h, 300 1l of 0.3 M Na acetate (pH 7.0), 5 mM EDTA, 3 Ag/ml RNase
A and 7.5 U/mi RNase T, were added and the single-stranded RNA was
digested for 1 h at 37°C. The reaction was terminated by the addition of
7 tl 10% SDS and 40 Ag proteinase K and subsequent incubation for 15 min
at 42°C. The RNA-RNA hybrids were extracted with phenol-chloroform
and analysed on a 6% sequencing gel.

Electrophoretic mobility shift assay
The EcoRI-HindIll fragments from pUC552-591 (85 bp) or from
pUC599-650 (71 bp) were labelled at the 3' ends. Approximately
20 000 c.p.m. (-0.5 ng) of the labelled DNA was incubated in 12.5 /II
of binding buffer [12 mM Hepes, pH 8.0, 100 mM KCI, 5 mM MgCl2,
0.1 mM EDTA, 0.5 mM dithiothreitol, 8% glycerol, 10 Ag tRNA, 1 itg
poly(dI-dC)] in the presence of - 20 yg of nuclear extract protein. After
15 min at room temperature, samples were loaded onto low-ionic-strength
(30 mM Tris-HCI, pH 8.0, 30 mM boric acid, 1 mM EDTA) 6% poly-
acrylamide gels and electrophoresed at 10 V/cm for 2 h at room temperature.
The gel was then dried and analysed by autoradiography.
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