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ABSTRACT

Recent studies on the termination of rDNA transcription

by RNA polymerase | in  Saccharomyces cerevisiae and
Schizosaccharomyces pombe have suggested a more
complex mechanism then previously described in
higher eukaryotes. Termination appears to occur when

a DNA-bound Rebl protein molecule induces
polymerase to pause in the context of a release element
[see Reeder,R.H. and Lang,W. (1994) Mol. Microbiol ., 12,
11-15]. Because these conclusions in yeast were
based entirely on in vitro analyses, we have examined
the same termination process in S.pombe by
expressing targeted mutations  in vivo. Sq nuclease
protection studies indicate three tandemly arranged
termination sites with most transcripts very efficiently
terminated at the first site, 267 nt afterthe 3 ' end of the
mature 25S rRNA sequence. Termination at each site is
mediated by conserved terminator elements which
bear limited sequence homology with that of mouse
and also can be identified in ~ S.cerevisiae . Removal of
the first terminator element transfers dominance to the
second site and construction of a new single
terminator element at +150 still results in efficient
termination and rRNA processing without a need for an
additional upstream element. Genomic ‘footprint’
analyses and gel retardation assays confirm a process
mediated by a strongly interacting protein factor but
implicate an alternate binding site. Removal of the 5
flanking sequence or structure also had no effect on
the site or efficiency of termination. Taken together the
results in vivo suggest that the termination process in
this fission yeast more strongly resembles the single
element-mediated mechanism initially reported in mouse
and is not dependent on additional upstream sequence

as first reported in  S.cerevisiae and postulated to
function in general.

INTRODUCTION

This 18 bp sequence element, (AGGTCGACCAGA/TT/
ANTCCG), which is repeated eight times within thée3minal
spacer interacts with a nuclear transcription termination factor
(TTFI) that mediates the termination process. The precise
mechanism of pol | termination remains unclear although it
appears certain that the stop in elongation is not the result of
simple protein blockage but depends on specific interactions
between TTFI and pol | as well as protein-induced
conformational changes in the DNA structug. (A similar
sequence has been observed to functioteimopug3) and has
even been suggested in a thermophilic fungimermomyces
lanuginosug4) andSchizosaccharomyces pon{bg But with
other types of signal also having been proposeg) @nd a ‘Sal
box'-like sequence element even suggeste8aocharomyces
cerevisiag(4), it has been surprisingly difficult to unequivocally
establish a specific termination signal in yeast.

At present, the majority of evidence has indicated that a single
protein factor, Rebl, may act as both an enhancer and termination
factor inS.cerevisiag9,10) but until recently, it was generally
accepted that only the Reb1p binding site and a few surrounding
nucleotides are needed for terminationyitro (11). Lang and
co-workers {2), however, have now presented new data which
suggest thdf46 bp of 5flanking sequence is also required, with
the Reblp binding site representing a ‘pause’ element and the
extra sequence representing a ‘release’ element. A similar
proposal also has been madeSgrombeavhen recentlyl3), the
gene encoding the Rebl factor in this fission yeast was isolated
and the effect of a derived polypeptide was exanimeitro. As
was the case iB.cerevisiagthe protein factor could terminate
transcriptionn vitro, but was only effective in combination with
an upstream sequence.

In view of these somewhat conflicting observations in
Saccharomycesand also to clarify the termination signal in other
fungi, we have examined the role of the Sal box-like sequence
elements inS.pombeusing targeted mutagenesis vivo. A
convenient system for the efficient expression of mutant rRNA in
S.pombevas recently developed in the course of studies on the
function of the ribosomal 5.8S rRNA4), a strategy which also
has been used effectively in the study of rRNA procesS)rang
ribozyme function 15). When applied in the present study,

In the rRNA genes of higher eukaryotes, including manspecific mutations indicate that unlike studiesitro, in vivothe
transcription termination by RNA polymerase | (pol 1) is Sal box-like elements do function directly to efficiently terminate
dependent on a short DNA sequence, the ‘Sal box’ in mause (transcription as has been shown for higher eukarybégs (
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MATERIALS AND METHODS with phenol/chloroform (1:1), precipitated with 2-propanol, treated
] ) with RNase A and extracted further with phenol/chloroform. After
Construction and expression of mutant rRNA genes precipitation with ethanol, the DNA was dissolved in water

Site-specific mutations were introduced in®pombeDNA using (2 H9/W). For control DNA digestions, genomic DNA was prepared

a genomic 10.4 kb genomidindlll digestion fragment which &S described above without DNase | treatment. . .
contained one complete rDNA transcriptional unit that had D€ cleavage sites were detected by repeated primer extension
previously been subcloned into the pFL20 yeast shuttle vaator ( With Taq polymerase using 20 cycles of 1 min 41 min at

and ‘tagged’ with a uniquiotl restriction site in the last variable 42 C and 2 min at 7, and 10ug of template DNA. The
sequence of the 255 rRN/)( Further mutations based on a oligonucleotide primers which were specific either for the host cell

two-step PCR-amplification procedurég| were introduced into O the plasmid-associated rRNA gene sequence, were labelled using
the 3 ETS region using the uniqéot/Pvul sites as described 14 Polynucleotide kinase andy-{2PJATP (7000 Ci/mmol) and
earlier €). For these experiments, tiggll/Pvul restriction ~Primers of equal specific activity was prepared by polyacrylamide
digestion fragment @.pombeDNA containing the 3ETS region  9€! €lectrophoresis2g). Standard dideoxy sequencing reactions
was subcloned into the pTZ19R vectbB)(and used as a template YSiNY Taq pqumerase and the same primers and thermal cycle were
for PCR amplification. All mutations were confirmed by DNA USed s chain length markers.

sequencing based on the dideoxy methods of Sanger and co-workers ) N ]

(20). Recombinant DNAs containing the appropriate changes wefdectrophoretic mobility shift assay

subsequently amplified usirigscherichia colist(ain C490 as the A nuclear protein extract was prepared frépombestrain h
bacterial host and used to transfdpombestrain ITleul-32 ura  |ey1-32 ura 4-D18, cells and used for gel retardation studies as

4-D18 by the method of Prentic2l]. described by Henninghausen and Lutzaf énd JazwinskiZg). A
DNA probe containing the termination region (nt +267 to +338) was
S1 nuclease mapping of RNA precursors prepared by PCR amplification and labelled at therfls using

. . _ [y32PIATP and T polynucleotide kinase in 1Ql of 10 mM
The termini of mature and precursor ribosomal RNA transcriptgigc1,, 5 mM DTT, 0.1 mM spermidine and 50 mM Tris—HC1 pH
were determined by digesting RNA:DNA hybrids with S1 nucleasg 5_an oligonucleotide probe corresponding to only the Sal box-like
as previously descrlbe6,2,2). Appropriate 3end labelled probes, sequence region was prepared by annealing' @mdi3abelling two
overlapping the 25S rRNAVETS junction in either the host cell or complementary synthetic oligonucleotides @) with poly-
plasmid-associated rDNA, were incubated with whole cell extractggcieotide kinase (pAGGTAAGGGTAATGCAC and pGTGCAT-
RNA (20 pg) at 30C for 12 h in 5Qul of 3 M NaTCA, 5 MM TACCCTTACCT) for 12 h at 37C and purifying the hybrid on a
NeEDTA, 50 mM PIPES (pH 7.0), rapidly chilled on ice andneytral 10% polyacrylamide gel. Aliquots of labelled DNA probe
digested for 30 min at 3T with § nuclease (50-200 U) in 15mM (10 000 ¢.p.m.) o of labelled oligonucleotide probe (10 000 c.p.m.)
ZnCl, 250 mM NaCl, 40 mM NaAcO (pH 5.5; 290 total  yere incubated for 20 min with 3@ of protein extract in 126
volume). Digestions were terminated with SDS/EDTA, extractegf binding buffer (12 mM HEPES pH 8.0, 100 mM KCI, 5 mM
with phenol/chloroform and analyzed on 6% polyacrylamidgygcl, 0.1 mM EDTA, 0.5 mM dithiothreitol, 8% glycerol)
sequencing gels. Standardized chain termination sequence reacightaining 2g of pBR322 plasmid DNA to eliminate non-
products were also applied to the analytical gels as fragment lengfflecific DNA interactions. After incubation samples were
markers. For the'3nd labelled DNA probes, normal or mutantappjied to a neutral 5% polyacrylamide gel in low ionic strength
rDNA was digested with an appropriate restriction endonuclease affer (30 mM Tris—=HCI pH 8.0, 30 mM boric acid, 1 mM
the protruding single-stranded ends were used to extentlehés3 EpTA) and fractionated at°€ for 2.5 h using 12 Vicm:
with Klenow enzyme ana32PJdCTP @3). In these instances the fo|jowing electrophoresis, the gel was dried and the bands were
DNA was initially purified plasmid or PCR amplified DNA. Each getected by autoradiography.
labeled fragment was incubated for 5 min &®@ separate the
strands for hybridization. RESULTS

Genomic footprint analysis As summarized in Figurk previous studies on the processing of
rRNA in S.pombe(5) revealed three tandemly arranged Sal
Genomic footprints were determined by methods based on thdsex-like sequence elements beginni®81 bp downstream of
described by Huibregtse and EngelRé) @nd modifications by the mature 25S rRNA sequence.riiiclease protection studies
Diffley and Cocker 25). Cultures ofS.pombestrain rleul-32 indicated that all three were associated with extended termini; the
ura 4-D18, growing exponentially with aeration at@0n broth  first element was associated with most of the termini, a modest
(0.67% yeast nitrogen base without amino acids), were harvestaghount was observed with the second and only traces were
washed and resuspended in 3 ml of 1 M sorbitol, 1 mM EDTAgssociated with the third element (see Scp inFiglhese data
3 mM dithiothreitol containing 2 ngB000 U) Lyticase (Sigma were entirely consistent with an efficient termination signal, most
Chemical Co., St. Louis, MO). The resulting spheroplasts weteanscripts being terminated at the first site. Still longer transcripts
lysed in buffer containing 10 mM Tris—HCI pH 7.5, 10 mM were not observed, eliminating the possibility that these actually
MgCl,, 5 mM 2-mercaptoethanol, 1 mM phenylmethylsulphanylvere intermediate processing sites. Initially to provide direct
fluoride, 2ug/ml leupeptin and fuig/ml pepstatin; 30Ql aliquots  evidence for this conclusion, in this study, the first Sal box-like
were treated with 1-1l of DNase | (5 mg/ml) for 5 min at room element was removed using a two-step PCR strategyljrigd
temperature. Following the addition of an equal volume ofhe termini of nascent transcripts were again characterized by S
50 mM Tris—HCI pH 7.5, containing 1 M NaCl, 1% sodiumnuclease digestion. As previously demonstrated4y, the
dodecylsulfate and 50 mM EDTA, the DNA was extracted twicenutant rDNA could be efficiently expressadiivousing a high
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Figure 2. Effect of the Box 1 sequence on the termination of rRNA transcripts in
transformedS.pombecells. Whole cell RNA was prepared by sodium dodecyl
sulphate/phenol extraction frdBppombéransformed with pFL20/Sp25Notl (Scp)

or pFL20/S@Box1 (Sall) as described in Materials and Methods. One kb
Not/Hindlll digestion fragments of DNA overlapping the terminal regions (Fig.
1) in each of the plasmids were labelled at then8 of the coding strand with
[0-32P]dCTP and Klenow fragment for plasmid-specific probes. Labelled

" B P fragments were incubated at°@for 5 min to separate the strands and then
Figure 1. PCR mediated Box 1 mutation in tH&ET'S of rDNA fromS.pombe . . A . ’
(a)gA Bglll (B)/Hindlll (H) endonuclease digestion fragmenSqﬁombEaDNA incubated with RNA aliquots (3@) at 30°C for 12 h. The resulting hybrids were

containing the 3end of the mature 25S rRNA sequence (stippled box) and the dEeSt‘la‘/thIVith flOO Uﬂ:)flsfhucleaste at3C ffor 3to mi{] gnd afterfﬁ/xtracltion Wlith id
3 spacer region (thick continuous line) with three Sal box-like elements (1-3) Pnenovchioroiorm, the iragments were iractionaled on a ©v polyacrylamide

previously shown to be associated with termination sites (5) 267, 338 and 4483equencing gel- An undigested mutant-;pecific probe (Ct) ar_\d digests with RNA
nt distal (arrowheads) to the matureeBd was subcloned in pTZ19R (thin from untransforme®.pomb&WT) or E.coli (EC) were also fractionated together
continuous line). A mutagenic primer (GAAGAGATAATCTAGAG- with standard dideoxy sequencing reaction products (A, G, T, C) for a standardized

CACTTTTGAAG) which overlaps the first Sal box-like element (filled arrow) sequence (5) as_residue markers. The positions of the major termini (Fig. 1) are
and a universal sequencing primer (open arrow) were used to PCR amplify ar/dentiiied at the right.

intermediate mutagenic primer (thick broken line) which was again used with

a second 25S rRNA-specific primer to PCR amplify the full mutant sequence.

(b) Mutant DNA was digested witfNot (N) and Pvul (P) restriction . o . . .
endonucleases and the mutant rDNA sequence was subcloned into a pFLAfIIS modified region&). In any case, the second site is obviously

yeast shuttle vector (thin line) containing&pombeDNA transcription unit now the dominant termination signal.
e bty STCEfTInalons at S box Slemerts ¢330 i il
h;lbrﬁjization (32) using the mutagenicoligor?ucleotide primer; asind?lcated,theghd amphlbla}ns are known to be. mediated by a protein factor
mutated construct was designated pFL2AFRiX1. (TTF-l) and in yeast Rebl protein has been shown to cause
terminationin vitro (12,13), the S.pombeelement was further
examined with respect to protein interactions using genomic
‘footprint’ analysis and gel retardation. For DNase | ‘footprinting,’
yeast cell lysates or purified yeast genomic DNA were treated with
copy number autonomously replicating yeast shuttle vector, pFL20wide range of nuclease concentration to determine effective and
(12), and plasmid derived transcripts could be specifically assayedjuivalent levels of digestion and the cleaved fragments were
using a probe with a plasmid-specific intefdall site mutation%).  detected by PCR amplified DNA sequenciig)( As shown in
Host cell transcripts are efficiently cut at this site and removed frothe example autoradiograph of an analytical gel (Gideft),
the assay. under appropriate digestion conditions, differences due to protein
As shown in Figur@, thein vivoanalyses clearly indicate that protection could be detected in the termination region. The
the Sal box-like element does function as an efficient terminaticgequence bias in DNase | digestion which is clearly evident with
signal (Box 1). In the normal gene (Scp), most transcripts areaked DNA (lane N), however, made a precise assessment of
terminated11 bp upstream of the first element (Aijgbut when differences difficult, so the gels were scanned and the data was
the first element is changed (Sall) most transcripts are nawormalized at each residue to eliminate this bias. As shown in the
terminated at the equivalent position for the second element (Bogsulting histogram (Fi@, right), when the degree of cleavage
2) and the third termination site (Box 3) is much more apparentias examined as a percentage of that which is observed with
The Box 2 site migrates slightly faster due to the deletion afaked DNA, an extended region of protection was present in the
residues in Box 1. A slight amount of termination appears t8al box region. Furthermore, when a nuclear protein extract was
continue at the first sight but this trail of slight cleavages likelprepared from gently lysed cellg4] and incubated with a
reflects some non-specific cleavage bySclease which is often purified and labelled DNA fragment containing the Box 1
observed in AT-rich clusters of the type that is now present withisequence, a deoxyribonucleoprotein complex also could be
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Figure 3. Comparison of the DNase | digestion footprint in a genomic and naked rDNA termination si®.fmmbe Spheroplast lysates were prepared from
exponentially growing cultures &.pombetreated with 2Qug of DNase | and the resulting DNA fragments were primer extended with Taq polymerase in 20 cycles
of 1 min at 94C, 1 min at 42C and 2 min at 72 as described in Materials and Methods before fractionation by polyacrylamide gel electrophoresis (left). Treated
genomic (S) and naked (N) DNA fragments were applied together with an undigested control (X) as well as standardizeduliieixy sEaction products (G, A,

T, C) as chain length markers. The autoradiographs for replicated footprint analyses were scanned and the extent bédfestgiduge in the first termination region

is shown in the histogram (right) as a percentage of the digestion observed with naked DNA. Residues correspondingrantharaigtentified together with the

first termination site at +268. The shaded block of sequence corresponds to the previously identified Sal box-like sequence (5)

demonstrated by gel retardati@7). As shown in FigurdA, the  Sal box-like element and thé fianking sequence was deleted,
slowly migrating complex was only evident with nuclear extracand a single new element was inserted much earlier in’ the 3
(lane b); no complex was observed when extract was not addexdernal transcribed sequence (pFL20/AggTas indicated in
(lane a) or when a large excess of competing unlabelled DNRigure6a. Both changes were again made using two-step PCR
fragment was present (lane c). The interaction was still further

confirmed when a synthetic Sal box-like element was substituted

for the DNA fragment. As shown in Figud®, when a 17 bp

duplex consisting only of the Sal box-like repeating sequence ab e abcde

element %) was substituted for the DNA fragment, a strong and A ™ (®

distinctly retarded band was clearly evident after fractionation by
gel electrophoresis (lane a). Again this band was absent (lane b) - b <DNF
when a large excess of competing unlabelled oligonucleotide was

added. In addition, mutations in this competing unlabelled . <[NP

sequence had dramatically different effects depending on the

nucleotides which were altered. As also shown in Figie

nucleotide changes in the centre of the sequence (lanes ¢ and €) S < Crqonuciecics
essentially eliminated its ability to compete with the labelled
sequence while a similar change at only the proximal end of the
element (lane d) had no effect.

While both types of experiment were entirely consistent with
previous models in higher eukaryotes6,£9,30) or yeasts ) o ) o )
(12,13), the competitive effect with a Sal box-like sequence from9ure 4. Binding of nuclear protein to the BoxSlpombermination region

. - . in DNA. (A) A 72 bp fragment containing the first termination signal from
S.cereV|S|até_Ia_1ne e)1 raises furthe_r qu_eSt'onS a_bOUt the role c_)f th(43267 to +338 was labelled at theeid and incubated for 15 min at room
Rebl proteinn vivo. As shown in Figurés, this sequence is  temperature with 30g of nuclear protein extract in 126 0f binding buffer
similar to the termination box elements 81pombe but is before fractionation on a neutral 5% polyacrylamide gel (lane b). Labelled
essodited with a previously eponed terminaion Sesfner _ ENLuesl b Sisses o roch (e 8 o [ e pin 2
then Re_bl prOt_em binding domain. If Pmte'”s f“?”_‘ both yeaSt%fthe free labelled fragment (DNA) and protein-associated complex (BNP) are
are equivalent, it appears that the protein fooerevisiaeannot  ingicated at the right.B) A 17 bp synthetic oligonucleotide duplex
bind to its own sequence but the factor fiSpombean. (PAGGTAAGGGTAATGCAC/TCCATTCCCATTACGTGp) was incubated

In vitro studies in both yeasts indicate that the transcriptior‘kai)th nu?le?r: grggiig necxetré(lg :\;1 ;ré(l)crtiO?:Stzﬂfg e(altzlneeleg;ropfgrﬁiilz Szltﬂe%scribed
termination site fQS'.CereV.ISIaRNA polymerase | requires not glig(\)/re\ug]leotides of alternate sequen(?e; AGGTAAGGG'IngCGGCAC inlane c,
only an 11 bp binding site for Reblp, but alst6 bp of 5 cAACAAGGGTAATGCAC in lane d or AGAGAAGGGCTTTCAC in lane
flanking sequence. To access this requirerimevio, the entire  e. The positions of the labelled synthetic duplex (oligonucleotide) and
termination region irs.pombencluding the three copies of the protein-associated complex (DNP) are indicated at the right.

- OMA



Nucleic Acids Research, 1997, Vol. 25, No. 28107

+250

' ' 1 1 ] BOX1V¥
Sc. pombe CCgATATATATATAAGAGTATATAGTATATTTATACCT'H'GAAATATFTT
T2
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Figure 5. Comparison of the Box 1 termination sit&Sipombaevith the T2 termination site i8.cerevisiaeShaded regions indicate identical residues in the putatively
equivalent termination signal; the boxed residues are identical in two of the Sal box-like sequence elSmpentHéb).

amplification. As shown in Figuréb, whenS.pombesells were Because RNA processing might produce mature 25S rRNA from
transformed with this construct, plasmid-derived RNA clearlyunterminated transcripts, a study was also made of RNA from cells
could be demonstrated.; iuclease digestion again revealedtransformed with rDNA that contained neither the three original Sal
significant amounts of mature plasmid-derived 25S rRNA. Botlbox-like elements nor the new element (pFL2045p). As shown

the mature 25S rRNA and the immediate processing intermediateFigure?, in this case, Sligestion indicated that little or no mature
remained essentially constant over a range of nuclease concenR&A was present. Although some mature 25S rRNA and shorter
tions (50-200 U) while no RNA was detected in the absence &fhgments of further degradation were observed with a lower

plasmid (WT). concentration of enzyme (50 U), this signal clearly was not stable to
higher concentrations of enzyme showing it to be the result of less
a b specific protection, probably due to the host cell 25S rRNA. In

contrast, both the new single terminator element construct (Sal) and
the normal three box construct (Scp) resulted in much higher
amounts of mature RNA, underlining the efficiency of termina-
tion at the new site.

« Puobe While mature plasmid derived RNA was easily demonstrated
by S nuclease digestion in Figur@ because the greatly
abbreviated ‘3ETS region is processed much more rapidly, the
actual new termination site was only slightly visible when gels

AGTC Gt WT 50 100 200 Scp
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were strongly overexposed. In previous studies, the complete or
partial removal of the highly conserved extended hairpin
structure shown in Figuré, (A), substantially inhibited RNA
processing and greatly elevated the amount of unprocessed
terminus 6). As shown in Figure8, when this deletion was

introduced into a new rDNA construct with the new Sal box-like
element as well as the normal three elements
(pFL20/SpTh50A22), the new terminus was clearly visible (T150)
and now the predominant termination site, accounting for at least
90% of the termini. Again no band was evident in the absence of
plasmid (WT) or with non-specific DNA (EC), and only the
normal termini were evident when the new Sal box element was
""" cuu | not present422). Furthermore, the position of this new terminus
—GGGG-pFLzo . . . . .
dlcrocToTooTecaTTooccoooee prior to the Sal pox-hke element was entirely consistent with that
(B) which was previously observef) (at the normal elements.
In vitro analyses of pol | termination $icerevisia¢12) have

U suggested that efficient termination is dependent on two sequence
258 rRNA
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elements, a binding site for the Reb1 protein as weklladp of
5' flanking sequence which acts as a release element. As shown
, . in Figure 9, this region inS.pombealso is likely to form a

Figure 6. Effect of a relocated Box 1 sequence on the termination of rRNA . .
transcripts in transforme8.pombecells. Truncate®.pombeDNA transcrip- SUbs,ta_n,t'al amount of secondary structure. To further ex,a,m'ne the
tional units were prepared by PCR amplification using the 25S rRNA-specific DOSS_Ibl“'Fy that this sequence or structure ?ﬁeCtS the efﬂC'e_nCy of
primer described in Figure 1 and two primers which totally deleted thetermination, the region was deleted including all of the equivalent
termination region as indicated above and below the normal seqakrOad sequence which was reported to affect terminati®nierevisiae

primer (A) added a new Sal box-like sequence element at approximately +15 T ;
(pFL20/SpT50 and the other (B) resulted in a rDNA construct that contained %‘S shown in Figurs, when this truncated construct was eXpressed

no known termination signal (pFL20/SBT). The shaded region identifies the I ViVO, the termination efficiency remained unchanged.

A22 deletion which fully inhibits '3end maturation (5). Whole cell RNA was

prepared from exponentially growigpombéransformed with pFL20/Spg

or pFL20/Sp25Notl and the' 2nd termini were mapped by, ®uclease DISCUSSION

digestion as described in Figure 2. Samples of pFL2QAppErived RNA

di%?Steg.Wi”l 55"205 lfgt‘;)enzymﬁ (50|’?l]\-IOAOf’ 200) were fffaCtiO'?tm#em) ,Taken together, the results presented here indicate that the
with undigested probe (Ctl) as well as rom untransformed cells an A : -

cells transformed with pFL20/Sp25Notl (Scp) which was digested with 100 U (€7MiNation signal for RNA polymerase | $ipombes very

of S nuclease. Standard dideoxy sequencing reaction products (A, G, T, C) wersimilar to that which has been observed in higher eukaryotes. A

also fractionated as residue markers. tandemly repeated Sal box-like sequence constitutes the primary
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Figure 8. S nuclease mapping of rRNA transcript termini using a relocated
Box 1 sequence and a truncatédeEBS region. A construct unit containing a
new Sal box-like sequence at +150 (Fig. 6) and a deletion in the highly
conserved extended hairpin structure (Fig. 6a) was prepared as previously
described resulting in a rDNA transcriptional unit that contained a premature
termination site and a truncatedE3T'S sequence (pFL20SpipA22). Whole

&ell RNA was prepared from exponentially growfhigombéransformed with
pFL20/SpTis0A22 and the '3end termini were mapped by; Siuclease
digestion (100 U enzyme). The digest (T150) was fractionated by gel
lectrophoresis together with undigested probe (Ctl) as well as digested RNA
om untransformed cells (WT), cells transformed with pFL20/Sp3A22

and fromE.colicells (EC). Standardized dideoxy sequencing reaction products
(A, G, T, C) were also fractionated as residue markers.

Figure 7. Comparison of rRNA transcripts in the presence and absence of Sal
box-like termination sequence elements. Whole cell RNA was prepared from
exponentially growing.pombeells, transformed with normal (pFL20/Sp25Notl)
and truncated (pFL20/A8T and pFL20/Spisg S.pombaDNA transcriptional

units (Fig. 5, left) and the’ @nd termini were mapped by Buclease digestion

as described in Figure 1. Samples of pFL20B3plerived RNA digested with
50-200 U enzyme (50, 100, 200) were fractionated together with undigested prob:
(Ctl) as well as RNA from untransformed cells (WT) and cells transformed with
pFL20/SpTis0 (Sal) and pFL20/Sp25Notl (Scp) which were digested with 100 U
S; nuclease. Standardized dideoxy sequencing reaction products (A, G, T, C) Wer$
also fractionated as residue markers. '

signal and the termination event is mediated through at least one
protein factor which strongly interacts with the terminatorthere is striking homology between the termination signals in
element. Unlike the recent reports $icerevisiae(12) and S.pombeand sequence associated with the T2 siedarevisiag
S.pombg(13), terminationin vivo appears not to be critically an upstream release element is not important to termination in
dependent on an extended upstream release element. As sh@pombeas it appears to be for Reblp-induced termination in
in Figures2 and5, effective termination is observed when theS.cerevisiaghere is no obvious sequence homology between the
termination signals is moved 71 bases downstream or 140 ba&b1 protein binding site iB.cerevisiaeand the Sal box-like
upstream, respectively. As further shown in Fig@ethe sequence is.pombgeand no Reblp-associated termination has
efficiency also is not affected when the normal upstream regidieen detected in RNA from normd&.cerevisiaecells. As
is simply removed. All of these observations remain fullyindicated in Figur®, a comparison of the alternative termination
consistent with analyses in higher eukaryci€$\ihich also did  signals inS.cerevisiaewith the first Sal box-like sequence in
not indicate a need for additional flanking sequence. Unless n&svpombeeveals a marked similarity with sequence following the
‘release elements’ have been added fortuitously in every instande, site but no significant homology with the Rebl1p binding site.
a very unlikely possibility, the Sal box-like element clearly isFurthermore, as shown in Figu®, based on gel retardation, the
sufficient for efficient terminatiom vivo. Sal box-like element iB.cerevisiaeompetes effectively with the
When compared with previous studies Srcerevisiaethe  element inS.pombeThe only discrepancy i8.cerevisiaés the
present results raise a number of further questions regarding fhasition of the 3end (T2 in Fig5) relative to the homologous
role of the Rebl protein in the termination of pol | transcriptionsequences, but, as pointed out by Lang and Reéden (S
Earlierin vivostudies of pol | transcription B.cerevisia€6,31)  nuclease protection assays the T-rich hybrid is likely to be lost,
were consistent with at least two putative termination signals, Telding an apparent map position coinciding with T2. This
which mapped at +210, the beginning of a T-rich stretch, andegjually may be true for the second termination sit.frombe
second apparently fail-safe termination Sife50 nt distal to the rDNA which also is positioned immediately upstream of an
3 end of the 35S ribosomal RNA precursor. In contrast, based ertended thymidilic acid cluster and may explain why the Box 2
in vitro analyses Lang and Reed&?)(found the terminator to be sequence bears much less homology with the Box 1 and Box 3
located 108 bp downstream of thieBd of the mature 25S rRNA, that are essentially identicél)(
just 17 bp upstream of the Reblp binding site, a contributing A question which remains is why Reblp-induced termination
sequence element and an essential enhancer sequence whidlstions so efficientlyn vitro, but has not been obseniedivo?
regulates rRNA transcriptionl). Although recent sequence As pointed out in studies on the rRNA enhancées.terevisiae
comparisons do reveal some homology between Reblp and thé), this sequence functions to regulate rRNA transcription in
mammalian termination facta§), we believe the present results response to nutritional shifts, an observation which indicates that,
are more consistent with the original findings in four respectainlike studiesn vitro, the Reblp binding site is unlikely to be
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