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Activated levels of rRNA synthesis in fission yeast
are driven by an intergenic rDNA region positioned
over 2500 nucleotides upstream of the initiation site
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ABSTRACT

RNA polymerase I-catalyzed synthesis of the  Schizo-
saccharomyces pombe [B7S pre-rRNAs was shown to
be sensitive to regulatory sequences located several
kilobases upstream of the initiation site for the rRNA
gene. An in vitro transcription system for RNA poly-
merase |-catalyzed RNA synthesis was established
that supports correct and activated transcription from
templates bearing afull S.pombe rRNA gene promoter.
A 780 bp region starting at —2560 significantly stimu-
lates transcription of a  cis-located rDNA promoter and
competes with an rDNA promoter  in trans, thus
displaying some of the activities of rDNA transcrip-
tional enhancers in vitro . Deletion of a 30 bp enhancer-
homologous domain in this 780 bp far upstream region
blocked its cis-stimulatory effect. The sequence of the
S.pombe 3.5 kb intergenic spacer was determined and
its organization differs from that of vertebrate, Droso-
phila, Acanthamoeba and plant intergenic rDNA
spacers: it does not contain multiple, imperfect copies

of the rRNA gene promoter nor repetitive elements of
140 bp, as are found in vertebrate rDNA enhancers.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. Y09256

transcription complex at the rDNA gene promoté&;19,20), in

part by association with the nucleolar factor upstream binding
factor (UBF) that counteracts inhibition of transcriptional initi-
ation by arepressdt () and that stimulates initiatioh4,21-24).
Vertebrate rDNA enhancers can serve as repressors of initiation
when locateth transto a promoterl(3,25) and can compete with
complex formation on an rDNA promotetrans(26). However,

the mechanism of enhancement is not at all clear.

The vertebrate rDNA enhancers are present in repeats of
130-140 bp unitsl3-16,25) located just upstream of the rDNA
gene promoter. In contrast, the rDNA enhancer of the lower
eukaryoteSaccharomyces cerevisjagpresent as a sindli820
bp unit downstream of the'-8nd of the 25S rRNA coding
sequences. This region can stimulate initiation in an orientation-
and position-independent fashion from 8- to 30-fbRIA7-30).
Although the domains critical to the eukaryotic rDNA enhancer
effect have been extensively analyzed lwthivo andin vitro
(12,19,27-33), the means by which these rDNA enhancers
function remains to be determined.

Nearly one-third of thell1 kb repeat unit of tr&. pombeRNA
gene comprises the intergenic spacer (IGS}), the region that
separates each of thi00 tandemly repeated copiés§)(of the
coding sequences for the pre-rRNA molecules. In our analysis of
cis-acting regulators of rRNA synthesis in this intergenic rDNA,
we found that spacer sequences contribute significantly to

While Schizosaccharomyces pontizs emerged as a eukaryoticmltlatlon events at the rRNA gene promoter. To further analyze

organism in which many aspects of RNA processing anifiese sequences and to enable cross-species comparison of th

transcriptional initiation are strikingly similar to these basid€gion of the rRNA gene that regulates rRNA synthesis, the IGS,

molecular processes in higher eukaryotic organigr®),(littte  We determined its nucleotide sequence.

was known about requirements and regulatory sequences that

affected initiation of th€B7S rRNA genes. Thir vivoinitiaton =~ MATERIALS AND METHODS

site was fine mapped and the promoter region sSequE)CeAY v oot and hacterial strains; transformations

molecular analysis @is-acting regulatory sequences and factors

required for rRNA synthesis and establishment of a transcriptidrhe bacterial strains used included XL1-BleadAl hsdR17

system for these studies had not been accomplished. (rkmy+), SUpE44 thi-1, A—, recAl gyrA9§ relAl, lac, [F,
Synthesis of theB7S—-45S pre-rRNAs represents nearly 50%proAB, lacl%ZAM15, Tn10, (tef)] and SURE] (mcrA A(mcrBC-

of total RNA synthesis for logarithmically growing eukaryotichsdRMS-m#171, endAl supE44thi-a, A, gyrA96 relAl, lac,

cells (L0,11). One mechanism for ensuring activation of theecB recJ, sbcCumuC:Tn5(kar), uvrC, [F, proAB, lacFZAM15,

rRNA gene promoters is stimulation of initiation at the rRNATn1Q(tet)] (Stratagene). ThE8.pombestrains used were wild-type

gene promoter by intergenic rDNA transcriptional enhancer872 ¢ kindly sent by Dr H.Levin) and MP6-10B( adel-51

sequences that increase rRNA synthesis in an orientaticade6-M210leul-32 ura4-D18 kindly provided by M.Moser and

independent 12-18) and somewhat position-independentT.Davis). Bacterial cells were transformed by either standard

manner {3). The rRNA gene enhancers promote assembly of tt@aCb—PEG procedures or by electroporation using a BioRad
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Figure 1. (A) Map of theS.pombe@RNA gene repeat unit based on Balzal (9), Schaalet al (35), data from this paper (accession no. Y09256) and B.Lapeyre
(GenBank accession no. Z19578). The coding sequencesiBr®ere-rRNA are boxed, with the open boxed regions representingxterbal transcribed spacer,

the two internal transcribed spacers and te&t8rnal transcribed spacers, and the larger, diagonally striped boxed portions coding for th& n&atbu@S and25S

rRNAs. E,EcaRl; Bx, BsXI; H, Hindlll; B, BarrHI; K, Kpnl; Xb, Xbd; S, Sal; X, Xhd. (B) Diagrams o5.pombeDNA mini-genes containing the full promoter
(from 5A-243 to 3A+31), downstream marker bacteriophage T7 sequences and an rDNA fragment containing the putative rDNA terminators (—4178 to —2555;
in the cloning vector YEp351 (41). The regions of$higombeDNA IGS that were inserted directly upstream of the promoter are shown in the stippled boxes to
the left of the promoter, with the boxes positioned below their normal location in the map of the rDNA IGS (top Ixel) siteeat —865 is not unique; an additional
Hadll site at —4107 an#cdRl site at —2602 are not shown in (B-D) for simpliciB) Diagrams of a second seriesSgbombeDNA mini-genes containing the full
promoter, from 5-243 to 3+31, downstream bacteriophage T7 sequences and regionSgidheoeDNA IGS inserted directly upstream of the promoter in the
cloning vector pBS SK (D) Diagrams of plasmids containing different subcloned regions &.guenbeDNA IGS. These are all in pBS $kand the positions

of the first and last nucleotide of the rDNA are listed relative to the initiation site (+1).

GenePulser3Q). The transformation method used for introductionConstruction of S.pombeDNA mini-genes

of plasmid DNAs intd5.pombevas that of Allshire49). . .
The original template containing a f&8llpombaDNA promoter

and upstream intergenic sequences was constructed frahal an
Construction of subclones bearing regions of the fragment extending fromA-863 to 3A+89 inserted into puUC18
S.pombaDNA IGS Smad site. This template, pS863, supported accurate initiation. A

p5 A—-243/3A+89 template was cleaved downstream of +89 at the
FigurelD illustrates five subcloned region of B@ombdGS. The  EcdRl site and treated with BAL-31 nucleask@eted promoter
parental plasmid, pSP329, bears the complptanbeDNA repeat  fragments were isolated following inactivation of the nuclease and
unit (36,37), kindly sent by Dr M.Yamagishi, and was used to makeleavage upstream of position —243 at the v8etoH| site. These
the following subclones of th®.pombaDNA repeat unit: pXH were inserted into pBS SKtreated withBarrHI, Smad and
contains axhd—Hindlll fragment from —4178 to —2555; pHB phosphatase. The plasmid prR+31 containsSthembeDNA
contains aHindlll-BanHI fragment from —2560 to —1781; pBA promoter from 5-243 to 3+31 and served as the basis of all
contains aBanHI-Alul partial fragment from —1786 to —864, subsequent rDNA mini-genes reported in this study. This promoter
inserted betweeBanH| and Sma sites of the vector. The cloning contains only 31 nt of coding sequence to avoid the problem of
vector was pBlueScript SK(38), treated with the respective trimolecular artifacts in S1 analysig0j. Bacteriophage T7
restriction enzymes, dephosphorylated and isol&@d gAXH1  sequences isolated from the plasmid pSP-T7(+) (kindly sent by Dr
was constructed by insertingBBodRl-Hadll fragment from pXH,  J.Warner; Albert Einstein College of Medici2&) were used as
—3959 to —3241, betweditdRl andSma sites of pBS SK; for a foreign DNA marker. pSP-T7(+) was cleaved bydRlI,
pAXH2, aHadll-BarHI fragment isolated from pXH, extending blunt-ended using Klenow fragmer®9 and the T7 sequences
from —3240 to —2555, was inserted into pBS Bétween aicdRl  were isolated following a second cleavage byndlll.
site, which had been converted to a blunt-ended site,Bawttdl. ~ p5-243/3A+31 was cleaved ycdRl blunt-ended, cleaved with
site. Restriction enzymes and DNA modifying enzymes were frotdindlll, and the T7 sequences were insertedBahHI—Xbd
N.E. Biolabs, US Biochemical/Amersham or Promega. fragment carrying this mini-gene was isolated and reinserted into
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pBS SK' betweerBanHI andXbd sites to create p3+31. The  growth, theS.pombesells were cooled, collected and the S-100
BarrHI-Hindlll fragment bearing the rDNA promoter (—243/+31) extract prepared using a modified procedure of SabiLddz(43).
and T7 sequences was reinserted into the eadtshuttle vector  FrozenS.pombecells 39,43) were later extracted under liquid
Yep351 ¢1) and named p5243. p5-243 was cleaved withal nitrogen in a Waring commercial stainless steel blei@$rof by
and Hindlll, treated with Klenow fragment andxdad—Hindlll extensive manual grinding in a porcelain mortar and pés)lelhe
fragment (—4178 to —2555) with both ends blunted was insertegktract was thawed in the presence of 13 xnéxtraction buffer
the resultant plasmid that contained the terminator sequences in(t@ntaining protease inhibitors) per 10 g starting cells and the
correct orientation was named p—243:XH. supernatant (S-100) collected following a 2 h 100 §oa°C

All plasmid DNAs were purified by standard methods andiltracentrifugation in a Beckman Ti50 rotor. The supernatant was
isolated following banding in cesium density gradients during diluted 1:3 with storage buffer (60% glycerol, 5 mM EGTA,
44 h, 42 000 r.p.m. centrifugatioB9j; concentrations were 0.05mM EDTA, 2.5 mM DTT). Alternatively, it was dialyzed
determined in a Perkin Elmer lambda/2 spectrometer. against 50 vol. 20 mM HEPES-KOH, pH 7.9, 50 mM KCI, 5 mM

The p—243 series (Fi@yB) of containing intergenic rIDNA spacer EGTA, 0.05 mM EDTA, 2.5 mM DTT, 20% glycerdl3). Aliquots
sequences upstream of the rDNA promoter was constructed aithe S.pombeS-100 transcription extract were stored at*€75
follows. The DNA fragment in pXH was cleaved wikhd,
blunt-ended and cleaved wiBanHlI. For the reverse orientation, Assay of correctly initiated rDNA mini-gene transcripts
both sites were converted to blunt-ended sites. pHB was cleavgstalyzed by RNA polymerase In vitro
with Hindlll, blunt-ended and cleaved wilanHI. For the reverse . ) )
orientation, both ends were blunted. These were inserted upstraphin Vitro analysis of rRNA synthesis, fibextract (5-10 mg/ml)
of the promoter in P5243:XH cleaved wittma andBarHi or, ~ and 0.025-5.0ug/ml template DNA were used in 20 mM
for the reverse orientations, wimd. The inserts in pBA and HEPES-KOH, pH 7.9, 90 mM KCI, 10 mM Mg(Cb mM EGTA,
p5-863/3A—225 were isolated @anHI-EccRI fragments and the PH 7.9, 0.05 mM EDTA, pH 7.9, 10% glycerol, 1.3 mM DTT,
ends were blunted. These were inserted upstream of the promotetdd—>00uM each MNTP (Pharmacia) and i@ml a-amanitin.
p5—243:XH at aSma site. To construct deletions in pHB:—243, Réactions were stopped after 45 min at2By adding 18Ql Stop

primers TGCTCTAGACTTTTTTTTTGGTGTG and T3 and, Mix and the RNA was isolated as descrili&t].(For FiguresD, the

TGCTCTAGATTTTTTTACACTTTTAACC and T7 were utilized 'éactions also contair_1ed 3% PEG-10,000, with template DNA at
to amplify pHB template DNA in PCR reactiond9 The 40ng/mland competitor 55-850 at 80 ng/ml. _ _
amplified DNAs were isolated @amHI-Xba and Kpni—Xbd For S1 analysis, the radioactive probes were obtained by labeling

fragments respectively and inserted B#orHI andKpnl cleaved the 3-end of the Femp?l’ate strand of #5243 or p3A+31 at aXbd

PBS SK vector DNA, creating pHBE. Primers TGCTCTA- Site at +340 with \t32PJATP (4500 Ci/mmol; ICN) and T4
GAGTTTAATTTATTTTTAAAAATAG and T3 and TGCTCTA-  Polynucleotide kinase3@). Following cleavage witBanH! and
GAACTTTGGAAACAATTTTC and T7 were utilized to amplify denaturation, the single-stranded end-labeled fragment was re-
pHB template DNA and isolated and cloned as above to foriiPlved on a 4% native polyacrylamide gel)( Alternatively, the
pHBAP. Inserts containing a deletion in the enhancer-homologoREOPe was treated with exonuclease Il (100 U) for 15 min‘a 37
(HBAE) or promoter-homologous (H®) regions of the HB to render it single-stranded, followed by extraction with buffered
intergenic sequences were then isolatétirasi-BarHI fragments phenol and ether. Hybridization reactions were ipi2€blution

and inserted int&ma andKpnl sites upstream of the promoter of [80% ultrapure formamide (US Biochemical), 40 mM PIPES, pH

p—243:XH. pHER\E:—243 contains a deletion from —2094 to —20645-4: 2 MM EDTA, pH 7.9, 0.4 M NaCl, 0.01 pmol probe] &@4
while pHBAP:—243 contains a deletion from —1900 to —1879. overnight. The reactions were subjected to S1 analysis as describec

A second series (pXHZB+31, pAXH1:3A+31, pAXH2:3 A+31 (45) and resolved by electrophoresis on 4% acrylamide—9 M urea
PHB:3A+31, pHRAE:3A+31, pHRAP:3A+31 and pBA+31)  els. Gels were dried and exposed to Kodak XAR-5 film with
was constructed from the parental templaté\ 8. To create L—plus intensifier screens at —t0. Qqanutatlon was performed
these, pXH:—243, pHB:—243 and pBA243 were cleaved with USing a GS-250 Molecular Image(BioRad). The size markers
Kpni and Xbd and the fragments bearing the upstream intergeni¥ere 5-3%P-labeled pBR322pall fragments. All experiments
sequences, promoter and T7 marker DNA were purified and inseri¢g'e done multiple times using different batches of cesium-puri-
between thekpnl and Xbd sites of the vector pBS $KThe  fied plasmid DNAs and of transcription extract.
intergenic sequences were isolated fradigl as arEccRI-Bam- For thetrans-competition assay, prior to add_ltlon of the rDNA _
HI fragment and inserted between BRI andBarH! sites of template, S-100 extract was preincubated with 40 fmol plasmid
p3A+31. To create AXH2:+31, the intergenic sequences inDNAS, pXH, pHB, AXH1 or pAXH2, and 100 ng pBS SKior
pAXH2 were isolated as Xhd—BanHI fragment and inserted 30 minat 26C. 8.5 fmol pl_a_smld p—243 was subsequently added,
between thexhd and BanHI sites of p3A+31. The templates @S V\_/eII as NTPs to initiate transcription. The reaction was
PHBAE:3A+31 and pHRP:3A+31 were made by ligating terminated after 45 min.

Kpn-BarH| fragments with the HBE and HEAP inserts ) o
upstream of the promoter in'p331. Nucleotide sequence determination of th8.pombaDNA IGS

The entire sequence of thB.5 kb IGS was determined on both
Preparation of S-100 transcription extract fromS.pombe strands by standard dideoxy sequencing reactioe using

Sequenase Version 2.0 (US Biochemical), 7-deaza-dGTP to clarify
An overnight culture of wild-typ&.pombesells (r972; kindly  the compression regions ara+3S]dATP (>1000 Ci/mmol, >37
provided by Dr H.Levin) was grown at 30 and 250 r.p.m. TBg/mmol; Amersham Corp.). Primers were T3 and T7 and primers
overnight in rich yeast media, YPD or YB9(42), until the designed from known IGS sequence (synthesized by Bio-synthesis
ODggg was [2.0. Once determined to be in mid-logarithmicinc., Lewisville, TX). Programs utilized to assess the presence of



662 Nucleic Acids Research, 1997, Vol. 25, No. 3

repeated elements in the IGS and homologies included the Genetics ODsaa
Computer Group Dotplot, Bestfit, Gap7(48) and Findpatterns PO B B
programs, on line at the NYU Medical Center Research Computing
Resources. )

The oligonucleotides synthesized for sequencing are listed -

below, with the position of the first nucleotide given. For the pXH
subclone, the primers included pr-XH3- T GGTGGGAAAG-
TACTC-3; —3061), pr-XH4 (GTGGTAGGGTAGGTCG, —2845) | e o miE
and, for the template strand, pr-XHI-RAATTTGAAAAGGG-
GGA-3; -2714) and pr-XH2 (SAAAACTTTGTTGAATA-3';
—2942). For the pHB subclone, the sense strand was sequenced
using pr-HB3 (5AGTTAAAAGATCGTT-3'; —2406) and pr-HB4 z

(5'-ACAACAGGTTGGGTT-3; —2081) and the template strand

was using pr-HB1 (SCACCATTCCATCATGAT-3; —1978) and

pr-HB2 (3-CTATATCTATATCTC-3'; —2260). For the pBA sub-

clone, the primers included for the sense strand pr-15B1 S
(5-AGGTCAGGTATCTGC 3 —1421) and pr-15B2 (BCAG- _ e Coree i pbmerse ansciplora iaton supnoeg by e
GCAAATGGGTC-3; —1180) and for the template strand pl’-15E1W'§S introduced inthpombMP&lOB c,:zlls (42,49) and th% Iev’e?s of cc;rreétly
(5-TTCTCATACAACTACC-3; —1125). For the p5863 plas- initiated mini-gene transcripts synthesized in stably transformed cells were
mid, the M13 universal primer was used to sequence from the serssessed at different cell densities. Cells were collectedsgyaD.6, 0.9, 1.5,
strand and for the template strand pr8SOTEGACTCTAC- R o o e peled &t 340 of the template srand, The 1 protected
_CGACCC-3; _445)' The. ser_les of subclones of the IGS use(fragment represgnting correctly initiated RNAs is‘ljabeled +1. The marlfer lane
|ncél1d§d8;h0593432r}0‘évg n 82?/%8 as gV693"/ g; 4p_8?.§/8_62/2?.'49(6M) contains32P-5-end-labeled pBR328pall fragments.

p— +39, p— +39, p— » P— _ » P— — ’

p—1786/-954, p—1540/—864, p—1711/-864 and pSP329. ) ]
supported by a plasmid bearing the full rDNA promoter was

RESULTS insensitive to concentrationsafamanitin of 10-10Qg/ml and
initiation was fine mapped to the same site utilized by endogenous

Analysis of control sequences for rRNA synthesis in fission yeaStpombeDNA genes (data not showsy;

required construction of rDNA mini-gene templates and estab-

lishment of arin vitro transcription system fd8.pombe&RNA  |n vitro analysis ofcis-acting regulatory sequences in

synthesis that supports accurate and activated initiation of clong@ S.pombedGS of the rRNA gene

S.pombe&DNA mini-genes. This system could then be exploited .

to assess the presence of transcriptional regulatory elemehf €mplates constructed to assess the presence of stimulatory

present in th&.pombeDNA IGS. A parental rDNA mini-gene ©" inhibitory tra_nscnptlonal regulatory sequences ||St|pembe

was engineered to contain a full 'DNA promoter, extending frofPNA IGS are illustrated in FigurEB and C and were designed

5'-243 to 3+31, bacteriophage T7 DNA sequences as a forei position an IGS region @700-1000 bp, comparable with the

marker £7) and rDNA sequences containing the putativ ength of the known vertebrate enhancersXemopu$0/81 bp

terminator(s) for RNA polymerase | transcriptios)( The 'e€Peats and the mouse 140 bp repeats, upstreamSptrebe

inclusion of rDNA terminators ensures that initiation would nof PNA promoter (3,14,16,25). Regions of the IGS have been

be inhibited by RNA polymerases reading around the templafgserted in the wild-type orientation (F, forward) or the reverse

and dislodging bound promoter complexesi?2). The resultant  Orientation (R, reverse). Transcription levels were measured

template, p—243:XH, was tested initially for its ability to supportSing stringenin vitro transcription conditions that are sensitive

correctinitiatiorin viva When introduced int8.pombeells, this  ©©_the activities of eukaryotic rDNA enhancer sequences

rDNA mini-gene template supports accurate initiation, witf1315,19).

rRNA synthesis levels reduced at higher cell densities (se& Fig. Comparison of trans_cri_p_tion Ievel_s reveals that two regipns of the
compare last lane, QB 3.9, with other lanes). IGS sequences can significantly stimulate rRNA syntiregiso.

The intergenic rDNA sequences present in both pXH:—243 and in
pHBE—243 support dramatically increased transcriptional levels
from theS.pombaDNA promoter (compare lanes 4 and 6 with
lane 1 in Fig3A and lanes 2 and 3 with 1 in F&B). It should be
Given the down-regulation of rRNA synthesis at higher celhoted that the intergenic rDNA sequences in the template
densities, th&.pombé&-100 transcription extracts were preparegXH:—243 (from —4178 to —2555) are present in two copies, one
from logarithmically growing cells cooled and collected beforeipstream of the promoter and the other 330 bp downstream of the
the cells reached an @& of 3.0. The rDNA mini-gene, initiation site; these serve to stimulate transcriptional levels >3-fold
p5-243:XH, as well as p5243, supported accurate initiation  relative to the control template, p—243:XH. To assess whether the
vitro as well asn vivo and the transcription supported by thesequences present in pEE243 could stimulate transcription in
template p5-243:XH, containing a single copy of the intergenican orientation-independent manner, the templateptf#3 was
sequences with the terminator sites located downstream of tenstructed, with IGS sequences positioned in the reverse
initiation site, was slightly increased relative t64283, which  orientation upstream of the rDNA mini-gene (see HIg).

lacks this region (compare lane 7, p—243, with lane24®XH,  Although more effective in the forward orientation, this region
in Fig. 3A and lane 5 with lane 1 in Fi@B). Transcription serves to stimulate initiation vitro in the reverse orientation

A fission yeast S-100 extracts supports accurate and
activated transcriptional initiation
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occur on these templates (data not shown). As seen in Bfgure
A ‘ef_,* Q‘f q;r‘i*: ngr & & & the sequences frgm —2560.tq —1781 also significantly stimulated
transcription in this rDNA mini-gene (pHBZ8+31). The level of
stimulation was nearly 6-fold for pHBZ8+31 relative to the
transcription level supported by the template bearing just the full
: rDNA promoter (compare lanes 3 and 2, B#y).
The two templates engineered to dissect thar $he 3-half of
- the IGS present in pXH:—243 and assess transcriptional effects of
e B —» - + each half on ais-located rDNA promoter wereyXH1:3'A+31
» and @AXH2:3'A+31 (see FiglC). Neither of these templates
supported a significantly higher level of transcriptional initiation
e than the wild-type pA+31 template (see Figl). In fact,
transcription supported by theAXH2:3A+31 template was
3-fold lower than that supported by the wild-type template
M (compare lane 6 with lane 2, Fig\). Thus, dissection of the
fold rDNA IGS present in pXH:—243 failed to reveal any region of the
slimulalion: 1.0 02 05 70 09 30 03 [3-3900/—2555 rDNA that contained regulatory sequences that
significantly stimulated transcriptional initiation of the rDNA
gene promoter. The region of the rDNA IGS containing the
B FLI q? .é" > sequences that direct termination of RNA polymeraseé) lajnd
F g & o (?3-“ which contain theS.pombeReblp binding sites (A.Zhao and
L.Pape, unpublished data) were present in ie¢H2:3'A+31
template. The inability of the intergenic sequences in either
PAXH1:3A+31 or AXH2:3A+31 to significantly stimulate
m +1 initiation may reflect a requirement for interactions dependent on
' multiple cis-acting domains that were dissected or for the
presence of an additional, second copy of this rDNA IGS region,
downstream of the rDNA mini-gene coding sequences, as in
pXH:=243. The intergenic sequences present in the pB#33
g 1 23 45 8 M template served to increase initiation 3.6-fold (compare lane 4
stimulation: 1.0 6.1 11.4 2.2 07 with lane 2, Fig.4A).
The ability of these intergenic sequences to stimulate initiation
. _ _ . from acis-located rDNA promoter was further analyzed under
Eé%ngngé:rft'xﬁgn(Aog t?ﬁg'gégﬁg:'&%mggsl;& "z,t:?ggegg) fOr/. competitive transcription conditions, where the ability of the test
transcribedn vitro at low template concentration (1.3 fmol in g#ifeaction) template to compete for required transcription factors was
with [(B0pug S.pombéranscription extract and a final concentration ofig/fnl assessed. As seenin FigliBelanes 1-5, neithe\XH1:3'A+31

non-specific pBS SK DNA. Transcription supported by each template, nor PAXH2:3A+31 supported higher levels of initiation than

p5—-243:XH, pBA=—243, pBAR:—243, pHB:—243, pAR:—243; pXH:—243 and -
p5-243, was assessed by S1 analysis of the synthesized RNAs. The 340 nt g A+3:_L', In  fact, transcription levels supported by
protected fragment representing correctly initiated RNAs is marked +1. ThdPAXH2:3'A+31 were even more repressed than was apparent

markers areHpall fragments of pBR322. These stimulatory transcriptional Under non-competitive conditions (compare &fgand B). The
effects have been observed in multiple extracts and with different preparationgelative transcriptional level ofAXH2:3'A+31 was 0.03, com-
of purified plasmid DNAs. Relative transcription levels supported by eachpared with 1.0 for the reference 'f831 template, while

template are listed relative to the parentét-p&3:XH template, set as 1.0. o
(B) The templates p&243:XH, pXH-243, pHE—243, pHEc—243 and ~ PAXHL:3A+31 supported nearly the same level as\p3L

p5—-243 were assessed for their ability to support initiation as in (A). Lane 6 i{compare lanes 2_and 3 with lane 1, HB). The int?rgenic
a control transcription reaction conducted in the absence of template DNA. IDNA sequences in the pHB&3-31 template also stimulated

initiation significantly in this assay (compare lane 4 with lane 1).

12 3 4 5 67

[P-fold relative to the control (Compare lanes 3 and 4 with |an'ﬁ'ans_competitive effect of intergenic rDNA spacer

1in Fig.3A). sequences on initiation
The sequences between —1786 and —243, when assessed under

the most stringent conditions, do not stimulate initiation of th&he IGS regions that had the largest stimulatory effect when
gene promoter (see FigA, lanes 2, 3 and 5, pBA-243, locatedin cisto theS.pombeDNA promoter were subjected to
pBAR:—243 and pA:—243). Thus, it is the upstream half of theatranscompetition assay. In this assay, plasmid DNAs containing
S.pombdGS that contains sequences that serve to dramaticaliybcloned regions of the rDNA IGS were assessed for their ability
stimulate initiation of @is-located rDNA promoter. to competitively inhibit transcription supported by an rDNA
A second series of templates was constructed to determimeni-gene when locatdd transto the rDNA promoter. Control
whether dissection of the IGS rDNA present in pXH:—243 wouldeactions contained non-specific vector DNA (pBSt)SKs
reveal which regions stimulated initiationvitro, independent of competitor. As seen in Figurg, incubation of both pXH
a second, downstream copy of this same intergenic rDNA regi¢containing rDNA from —4178 to —2555) and pHB (-2560 to
(see Fig.1C). Although this series lacked a terminator down—1781) with transcription components resulted in a decrease in
stream of the promoter, promoter occlusion did not apparentiganscription from a subsequently added rDNA promoter by
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Relative ! 2 2 4 2 2

Transcription 0.2 044 089 10 021 0.5
Level

Figure 5. The S.pomberDNA far upstream intergenic stimulatory region
inhibits initiation supported by the rDNA promoter when locatethns The

Fold stimulation: 1.0 58 36 23 03 plasmid DNAs pXH1 (lane 1), AXH2 (lane 2), pHB (lane 5), pXH (lane 6)

or the controls containing the cloning vector DNA, pBS @&ne 4) or no
DNA (lane 3) were allowed to preincubate with transcription components prior
to addition of the rDNA template, {#8+31, and to initiation of transcription.

B i Transcription supported by the rDNA templatéAp31, in each reaction was
R assessed relative to the control containing p relative transcription
A A A d relative to the control cont BS Bhe relative t t
& f-’-’ :?"]' "Fﬁ,‘* Jg_&" levels are listed on the bottom line relative to the pBS control, set as 1.0.
hed
L]

pPAXH2 (—3240 to —2555), showed a lesser competitive effect
-u{ than the parental pXH (compare lanes 1 and 2 with lane 4). The
cis-stimulatory andranscompetitive activities of the far up-
stream intergenic rDNA were not due to ‘spacer promoters’. All
of the plasmids bearing regions of ipombeDNA IGS (Fig.
- - - +1 1D) have been assayed for rDNA spacer promdi€r56), but

- virtually no transcription initiated from any putative spacer
promoters was detectadvitro (data not shown).

M' Schizosaccharomyces pomi@NA IGS elements
e % A8 homologous to known rDNA enhancers and to the
stimulation: 1.0 09 .03 4.2 1.9 S.pombeaDNA promoter

Figure 4. The S.pombeDNA IGS sequences between —2560 and —1781 The m,JCIeOt'de sequence _Of the entB_qoombeIGS_ was
stimulate transcription of an independent rDNA mini-gekpA(second series ~ determined to enable analysis of the regions containing regula-
of S.pombeDNA templates containing regions of the IGS inserted upstreamtory sequences and a search for the presence of repeats longer tha
ofda fU”dI’DNAfprI;Oﬂ;IjO[eI’, 5-243 to ?;31, was designed to ;est activation |:|100 bp, for regions homo'ogous to rDNA promoter domains or
independent of the downstre@rpombentergenic sequences from —4178 to
—2555 (see Fig. 1C). Correct initiation of rRNA synthesis supported by thesgOr elements homolog(_)us to known rDNA enhancers. The DNA.
templates was assessed inStEombé-100 extract under conditions sensitive S€JUENCE was determined from both strands of the IGS (see Fig.
to the activity of upstream stimulatory sequences. 2.1 fmol each templatebA; accession no. Y09256).

non-specific pBS SKat 2.5ug/ml and’50pg S-100 protein were present. The  One of the hallmarks of vertebrate rDNA enhancers is the
marker lane (M) contain®P-end-labeled pBR322pall fragments and lane resence of Ionger repetitive regions as found ir)(ﬁm)pus

1is a control reaction with no template DNA. Lanes 2-5 show the S1 protecteg ! ’

fragment (340 nt) representing correctly initiated RNAs produced from: lane 2, 0/81 bp repeats and the m‘?use 140 b.p rDNA enhanqer el_emems
the template containing the promoter aloné/p31); lane 3, pHBA+31 (13-17,25). However, extensive searching for such regions in the
(with sequences from —2560 to 1781 inserted upstream of the promoter); lar8.pombdGS failed to uncover any. A comparison of the entire

21, _pt)EA:sA+31 (wfith se%%%réctes 23?1;%782&;3@8242?'Saln??r;ﬂiwﬂl S.pombaDNA IGS with the active region of th#.cerevisiae

with sequences from — 0— ;lan :3'A+31 (with sequences i

from —3340 to —2555 upstream of the promoter). The transcriptio(l levels WeﬁDNA enhancer reV(_eaIed the r_nost Slgnlflcam hom0|Ogy to be
quantitated using a BioRad Molecular Imager and the fold stimulation relativdocated at —2092, in the region of the IGS that serves to
to the template bearing the promoter alone (set as 1.0) is noted below each lagégnificantly stimulate initiation of a downstream rDNA pro-
(B) In this competitive assay, transcription components were allowed tomoter (see FigeB). A search of elements present in both this

preincubate for 15 min in the presence of a competitor rDNA plasmid, ; f i ;

p-863/+89 (50 ng/ml), prior to addition of ti§epomberDNA mini-gene rDNAIInte;’]genI(i reQI.Onﬂ?nd tm'laEVI.SGO/SJ' bp repeats, also
template (0.85 fmol). Following a second 15 min incubation period, fibonucleo-l€VEAIS & NOMO OQY In this same region. . .

side triphosphates were added to initiate transcription, as well as the rNTP TO test whether this enhancer-homologous region had a role in the

regenerating reagents creatine phosphate and creatine kinase. stimulatory effect of thiS.pombdar upstream intergenic region,
templates were made bearing a deletion in this intergenic region
from —2094 to —2064 (pHEE:—243 and pHBE:3'A+31). Tran-

>5-fold (compare lanes 5 and 6 with lane 4, Bjg.The two  scription supported by pHEE:—243 (Fig.3D) and pHRE:+31

plasmids derived from pXH,AXH1 (3959 to —3241) and (data not shown) was compared with that supported by the
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A parental template pHB:—243 and pHB:+31. This deletion reduced
transcriptional stimulation in both of these templates (compare

oo amo s ame e o w0 lanes 3 and 4 in FigD for pHBAE:-243; data not shown for

L . L L R pHBAE:3A+31).

- - - —_-— Enhancement is mediated via critical promoter domains
— — — - - (1359-61) and a core 50 bp region of thénopusrDNA
— —_— — — . .
- - — - enhancer is homologous to the central rDNA promoter. Compari-
.- Ve~ - e son of theS.pombaDNA promoter with the far upstream 1GS
- - stimulatory region revealed a 19 bp stretch that is 84% identical to
- a critical domain in the central rDNA promoter (see &@). This

intergenic region does not support rRNA synthesis via a spacer
promoter (data not shown). Templates bearing deletions in this

B promoter-homologous region (pAB:—243 and pHBP:3A+31)
144 171 . showed a somewhat reduced level of transcriptional stimulation
AAAGATGGGTTAAAAGAGAAGGGCTTIC §. cerevisiae rDNA enhancer ' . ! -
CTE T T 1L (compare lanes 2 and 3 with lane 1 in Big). It is also of interest
AARAATTGGTTACAACAGGTTGGGTTTC 5. pombe rDNA -,
-2092 -2065 that 20 out of 30 bp of th®.cerevisiagDNA central promoter
GICCAGGAGCICEES ¥. laevis rDNA enhancer domain are shared with its enhancer and are located in a region
o STIACRRCRGETISGE - pombe xDNA that contributes tm vivostimulation of rRNA synthesig$,30).
C DISCUSSION
ARATGGACGAAATTCACAC 5. pombe rDNA promoter
AAATGOACARAAPTATCAC 5. ponbe xDNA Nearly one third of théll1 kb rRNA gene repeat unit of fission
- e stis S an nd its upstr alf was show
1o ’ east is composed of an IGS and it tream half was shown to
74 . . . .
‘*immmmmmmAGTGTGT?T S. cerevisiae :DNA enhancer housecis-acting sequences that modulate levels of transcriptional
ic&%@em&éﬂmﬂ&ﬁéhgl 5. cerevisiae rDNA promoter initiation of the S_pomberRNA gene promoter. We have
0 established aB.pombén vitro transcription system that supports
£ o both accurate and activated transcriptional initiation from
D f Y S.pombeDNA mini-gene templates (see F&b) to investigate
s §FFF these interactions and our analyses were conducted using

stringentn vitro transcription conditions that reflect the contribu-
tions of eukaryotic rDNA enhancer sequendsslf,19).

A 780 base intergenic region starting at —2560 was shown to
significantly stimulate transcription of eislocated rDNA
promoter compared with a control plasmid bearing the full  DNA
e promoter. These sequences functioned optimally in the forward

slinilﬁlll:’mnn: 1.0 1.7 27 04,6 Onentat!on (FIgé%A and 4)' with pHB|::—243_ a’?d PHRIA+31 .

supporting significantly increased transcription levels. Deletion

Figure 6. Comparative analysis of ti&pombeDNA IGS. () Sequencing  of a 30 bp enhancer-homologous region abolished the stimulatory

e oy s T g oot arnea et (IG6D). The infrgenic (DNA sequences present n he

bo?h strands (EMBL/GeynBaE)nk accession no. Y8925(23). The 33 bp sequencejug H:_.2.43 template stimulate transcriptional initiatiorvitro,

3 of the end of the matuf@5S rRNA coding sequences is not included but DUt this is apparently dependent on the presence of a second copy

has been published (50). Thus, the first nucleotide of this sequence is —342downstream (Fig8A and4).

The sequencing strategy is depicted in diagrammatic form and the primers and In a separate assay that also reflects the presence of transcrip-

templates utilized are listed in Materials and MethdBlsar(dC) Sequences  tjgnal regulatory sequences, the plasmids pXH and pHBLIE)g.

homologous to th&.cerevisia@nd theX.laevisrDNA enhancers are present h t t ionificard titi fect th
in the region of th&.pombaDNA IGS displaying some activities of rDNA Were shown 10 exert a significarans-competiuve emect on the

enhancers. (B) The most homologous sequences in theSptirabdGS to rDNA mini-gene (Fig5) analogous to the action of vertebrate
the active region of th8.cerevisiaeDNA enhancer (19,80; numbering asin  TDNA enhancers and an rDNA enhancer in feastellanii
19) is between —2092 and —2065 inStrpombeDNA far upstream stimulatory - \DNA IGS (13-18,25,63). These same plasmid DNAs (pXH and

region (71% homology). Sequences between —2084 and —206%qidhebe ; ; E50):
rDNA far upstream stimulatory region were found to have the highestpHB) did not contain any apparent spacer promo 6)

homology with thé laevisDNA enhancer. (C) THg.pombéntergenic rDNA they did not support productlon of stable transcripts from an
spacer region displaying some activities of rDNA enhancers contains a 19 bpDNA IGS promotein vitro (data not shown).

segment that is 84% identical to a critical, central DNA promoter domain. An - The sequence of the rDNA IGS regiorSgbombaiiffers from
interesting homology was noted betwee8.eerevisiads' enhancer domain that of higher eukaryotes in that it lacks repetitive elements

(29,30) and th&.cerevisiaeentral rDNA promoter regionDJ Transcription . .
supported by the templates p—243:XH (lane 1),fPtB243 (lane 2; the rDNA analogous to théll40 bp intergenic rDNA enhancer repeats

sequences between —1900 and —1879, bearing the promoter homology, dé3-17,25). However, it can be functionally rep!aced by the
deleted in this template), pHB:—243 (lane 3) andpEtR43 (lane 4; the DNA  XenopusDNA enhancer (data not shown), suggesting a conserved
sequences between —2094 and —2064 bearing enhancer-homologous sequenggsde of activated polymerase | transcription. The presence of

are deleted) was assessed using strirgefitro transcription conditions (see s ; P .
Materials and Methods). The S1 protected fragment representing correctl [epetitive elements is not a prerequisite for an rDNA enhancer: the

initiated mini-gene rRNAs is marked +1. The analogous deletions were -CereyiSiaenhancer is present in 3-32(HWR|THPa| fragment
introduced into the second series of templates, creatind\Bt3R+31 and as a single copy2 kb upstream of the start site f@7S rRNA
PHBAP:3A+31, and resulted in analogous effects (data not shown). synthesis 12,19,28-33). If the two divergent yeastS,cerevisiae
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and S.pombghad rDNA transcriptional enhancers analogous iand co-activators with different basal level general transcription
position and function, the sequences just downstream of timtiation factors serves to increase promoter activafigr36).
putativeS.pombeDNA terminators would be expected to confer Additional regions of th&.pombdGS can affect initiation,
transcriptional stimulatory activity. The templafepi2:3A+31,  albeit to a lesser extent than (600 region. AD.8 kb region
which contains this region upstream of t8gpomberDNA  starting at—1786 augments initiation of the rDNA promoter under
promoter, directs significantly less transcription than the rDNAess stringent conditions (data not shown andiin the widely
promoter alone (see Fig), arguing against the presence of astudied XenopusrDNA IGS, divergent classes of repeats
transcriptional enhancer in this intergenic region. upstream of the 60/81 bp repeats can also enhance transcription
The genomic organization and structure ofS3tppmbeDNA  of theXenopusDNA gene promotei8g), while the spacer of the
repeat unit also differs from that Sfcerevisiaethe S.pombe Drosophila rRNA gene is composed of repetitive elements
rDNA repeat unit contains a larger IGS sequence [3.49,85 (  homologous to the promoter that stimulate initiatiohg7). The
this paper) versus 2.5 kb f&.cerevisiag64)]; its intergenic  implications are that nearly the entire rDNA IGS plays a role in
rDNA spacer is not interrupted by a 5S rRNA ge3ie64,65)  modulation of the levels of rRNA synthesis.
and its 5external transcribed spacer region is larger [1355 bp inThese studies were conducted usingvitro transcription
S.pombe9) versus 695 bp iB.cerevisia€66,67)]. In addition, conditions sensitive to the action of vertebrate RNA polymerase
it contains multiple sites for apparent termination of transcriptiori;specific enhancers that reflect tire vivo activity of these
located between 260 and 450 nt downstream of the m&temed 3 regulatory sequence$315,19). While the molecular interac-
of the 25S rRNA coding sequencé&§)( analogous to multiple tions confering enhancement of transcriptional initiation remain
termination elements in the mouse rDNA IG8)( to be fathomed, several independent lines of evidence point to
The activity of vertebrate rDNA enhancers appears to be dusteractions in addition to those with UBF that are required to
in part, to their association with the nucleolar stimulatory factonediate  RNA polymerase | transcriptional enhancement
UBF (14,21-23,69), which functions to counter repression of the(15,17,26,61,76). The establishment of an vitro system for
promoter 24), induces structural changes in the rDNA enhanceinalysis of activated rRNA synthesis in fission yeast, the
sequences60,70) and interacts with the Rb proteil).  determination of the primary sequence of its rDNA IGS and
Vertebrate UBF interacts with rDNA enhancers and promoters ilentification of regions regulating transcriptional initiation lay
a somewhat sequence-specific manfi€} énd its interaction the foundation for future studies on the interactions obligatory to
with the essential RNA polymerase | initiation factor maytranscriptional enhancement of eukaryotic rRNA genes.
contribute to its effects on rRNA synthesi$,{3,74). In fact,
both UBF and th&canthamoebanhancer binding factor (EBF) ACKNOWLEDGEMENTS
serve to stabilize interactions of the essential initiation factor with
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