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ABSTRACT

Rapid evolution of ribosomal RNA (rRNA) gene
promoters often prevents their recognition in a foreign
species. Unlike animal systems, we show that foreign
plant rRNA gene promoters are recognized in an alien
species, but tend to program transcription by a different
polymerase. In plants, RNA polymerase | transcripts
initiate at a TATATA _ element (+1 is underlined) important
for promoter strength and start-site selection. However,
transcripts initiate from +32 following transfection of a
tomato promoter into  Arabidopsis . The rRNA gene
promoter of a more closely related species, Brassica
oleracea, programs both +1 and +29 transcription. A
point mutation at +2 improving the identity between the
Brassica and Arabidopsis promoters increases +1
transcription, indicating a role for the initiator element

in species-specificity.  Brassica +29 transcripts can be
translated to express a luciferase reporter gene, implicat-
ing RNA polymerase Il. TATA mutations that disrupt
TATA-binding protein (TBP) interactions inhibit +29
transcription and luciferase expression. Co-expressed
TBP proteins bearing compensatory mutations restore
+29 transcription and luciferase activity, suggesting a
direct TBP—TATA interaction. Importantly, +1 transcrip-
tion is unaffected by the TATA mutations, suggesting
that in the context of pol | recognition, the TATA-
containing initiator element serves a function other
than TBP binding.

INTRODUCTION

rRNA gene promoters display little sequence similarity between
species and are generally not functional across species boundarie:
(11-13). A subset of the transcription factors andnpster
domains appear to be responsible for this species-specificity.
Supporting evidence is that engineering 18 bp of mouse promoter
sequences into a human promated times larger is sufficient to
convert the promoter into one efficiently recognized in a mouse
extract (L4). Likewise, half-helical turn spacing changes between
the upstream and core promoter domains oK#eopus laevis
promoter convert it into a strong promoter in a mouse exigct (
Alternatively, addition of a specific transcription factor complex,
SL1 (selectivity factor 1; also known as TIF-IB, factor D or Rib 1)
can reprogram mammalian extracts to recognize an alien promoter.
For instance, mouse SL1 added to a human extract allows
efficient transcription of a mouse rRNA gene promoter and
addition of human SL1 to a mouse extract facilitates transcription
of a human promoterl2,13,16-18). Other essential activities,
including upstream binding factor and polymerase |, catitstds
between mouse and human. Collectively, thésgies illustrate
that precise protein—protein interactions, dictated in part by the
spacing of promoter elements, are key to promoter recognition.
Polymerase specificity switching in snRNA genes has also
provided important insights into promoter recognition processes.
In animals and plants, the U2 shRNA gene is transcribed by RNA
polymerase |l whereas U6 snRNA is transcribed by RNA
polymerase lll Arabidopsis thaliandJ2 and U6 snRNA gene
promoters are very similar in sequence, differing primarily in the
spacing between a TATA element and an upstream sequence
element. In both the U2 and U6 promoters, changing the spacing
between the two elements by one helical turn can switch their
polymerase specificity between pol Il and pold|LQ). In human
cells, the U6 promoter is also transcribed by polymerase Il but

In eukaryotes, three nuclear RNA polymerases perform distinies a TATA element interchangeable with TATA boxes of genes
functions. RNA polymerase | transcribes large ribosomal RNAsanscribed by pol Il. Ironically, the U2 promoter, which is
(rRNAs) (1-3), RNA polymerase Il transcribes protein-encodingecognized by RNA polymerase Il, lacks a consensus TATA box

genes and most small nuclear RNAs (snRNAs)Y and RNA

and creating one by site-directed mutagenesis switches its specificity

polymerase Il transcribes other small RNAs including tRNAsfrom polymerase |l to polymerase 1(6,20,21). Apparently

5S rRNA, U6 snRNAs and, in plants, U3 snRNAS). The

promoter elements such as TATA boxes can be used by different

molecular mechanisms responsible for promoter recognition by thelymerase systems and be interpreted in different ways based on
three polymerase systems is the subject of intensive investigatiatieir context relative to other promoter elements.

Ribosomal RNA genes transcribed by RNA polymerase | areln the plant,A.thalianawe showed that sequences between
located within the nucleolus and are arranged in tandem arrays-66/—33 and +6 are sufficient to program accurate pol | transcription
18S, 5.8S and 25S rRNA coding sequences separated byimitiation in vivo (22,23). At the start site is a sequence highly

intergenic spacer that includes the gene prontyied)( In animals,

conserved in plants24-33), approximating the consensus
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TATATA (A/G)GGG (+1 is underlined) in dicots. Clustered point To fuse the firefly luciferase coding region downstream of the
mutations within this conserved initiator element affected promoteDNA promoter, the 138 bdinfl promoter fragments (—99 to +42)
strength and start site selection, showing that it is an importamit pBor2 and the TGTAAA promoter mutant were blunt-ended
element of plant rRNA gene promotezs)( We speculated that with dNTPs and the Klenow fragment of DNA polymerase | and
the initiator element might be a binding site for TATA-bindingligated into theSma site of pBluescript Il KS—. Théglll
protein (TBP) £3), first because TBP is known to be required byfragment of pWB216 containing the luciferase coding region and
all three polymerases, from yeast to huméng 84-37). Inthe pol  the polyadenylation signal and Banking sequences of the
| system, TBP is part of the species-specificity factor, S&k439).  tomato protease inhibitor gené2f was introduced into the
Second, pol II- and pol lll-specific gene promoters can havadjacenBanHlI site to complete the luciferase reporter constructs.
TATA boxes that interact with TBP, suggesting that pol |
promoters in plants might do so as well. Third, maize TBP had bepfant growth, protoplast isolation and transient expression
shown to bind the maize rRNA gene promitesitro (40), though _ ) ) ) )
the functional significance of this observation was not known. Protoplast isolation fror.thalianaColumbia was by published

In this study, we investigated the species-specificity of plafpethods £2,43). Protoplasts were transfected as described
rRNA gene transcription by transfecting promoters of a distantk?2.23,43). For RNA studies, 8 107 protoplasts were transfected
related species (tomato) and a closely related sp&ssica With 200g supercoiled plasmid DNA in the presence of 2 mg
oleraced into A.thalianaprotoplasts. Surprisingly, rather than Salmon sperm or calf thymus carrier DNA. For luciferase assays,
displaying a simple on or off phenotype, the tomatdBaassica the pr_ocedure was scaleq down 20-fold. Transfgcted protoplasts
promoters preferentially programmed transcripts initiafidg bp ~ Were incubated 20-24 h in the dark at@4n liquid medium
downstream of the expected pol | start site (+1). In the case @Mmposed of 2 Gamborg salts and vitamins (Sigma) supplemented
Brassica weak +1 transcripts were also detected. A pointith 0.4 M mannitol, 20 g/l sucrose, 1 mg/l 2,4-dichlorophenoxy-
mutation that made tirassica+1 region a better match to the acetic acid (Sigma) and 0.05 mg/l kinetin (Sigma), pH 5.7.
correspondind\rabidopsispromoter improved the efficiency of
+1 transcription, indicating a role for the initiator region in specieBNA isolation, S1 nuclease protection analysis, primer
specificity. We circumvented the lack ofiarvitro transcription — extension analysis and luciferase activity assays
system using mutation-suppression analysis to showBrihstica
+29 transcription is dependent on TBP—TATA interactions, but
transcription is not. These results suggest that the hig
conserved initiator region of plant rRNA genes has a role oth
than direct TBP binding.

+‘£ota| RNA was isolated from protoplasts and further purified by
recipitation with 2 M lithium chloride as describe#l2)(
}%esulting RNA pellets were resuspended in water and quantified
y UV absorbance. Fifty micrograms of RNA were hybridized to
a 5-end labeled DNA probe for analysis by S1 nuclease
protection {4). S1 digestion in 300l reactions used 50 U S1
nuclease for 30 min at 2€. Endogenous rRNA transcripts were
isolated from non-transfected protoplasts. Transcripts from
) ) plasmid-borne promoters were detected using probes labeled
Construction of rRNA gene promoter plasmids within plasmid sequences adjacent to the cloned DNA. S1-digestion
products were separated on 6% polyacrylamide sequencing gels
Brassica oleraceeRNA gene promoter sequences from —518 tadjacent to homologous sequence ladders generated from primers
+106 were amplified from genomic DNA using the polymerasgbeled at the same sites as the S1 probes.

chain reaction and the primefsCGGAATTCGGACCAAAA- Primer extension oB.oleracearRNA involved 50pg total
TCACCCGGATAGTCCA-3 and 5CGCGGATCASGACCT-  RNA, a 3-end labeled 62 bfvall-Hinfl fragment as the primer,
CAACCCAAGCATCATCG-3. The amplification product was and MMLV reverse transcriptase using standard methiis (

digested wittEcaRI andBanHI (these sites are underlined above)Extension products were subjected to electrophoresis beside a
and ligated into pBluescript Il KS- to generate pBor2. TwWgequencing ladder generated using the same primer and the
derivative plasmids of pBor2 were generated using site-directegld-type promoter as template.

mutagenesis. Changing A to G in the RNA strand at position +2| yciferase activity in protoplast lysates was assayed using an
generated the ‘A+2G’ promoter. Substituting G for A at —4 ang\nalytical Luminescence Laboratory Monolight 2010 luminometer
anAfor T at—1in the RNA strand generated the TGTAAA mutantas described}@). Protein concentration of lysates was measured
TheArabidopsisclone pAtl consists of sequences from —520 t@sing the BioRad protein assay with BSA as a standard. Luciferase
+92 also cloned in pBluescript Il KS— and has been describegecific activity is reported as light units pegrprotein; one light

previously £2,23). The tomato promoter construct tested was @nit is defined as one-tenth of the total number of photons
Dral-Sal fragment from clone pKU23%6), including sequences detected.

from —321 to +156, cloned into pBluescript 11 KS—.

TBP expression plasmids pAtlwt, pAtlm, pAt2wt and pA2nkesyLTS
were generously provided by David Heard and Witold Filipowicz
(42). Expression of wild-type (wt) and mutant (m) TBP codingMe examined the species-specificity of plant rRNA gene
regions was directed by the strong 35S promoter of cauliflowéranscription by transfecting arhed tomato Lycopersicon
mosaic virus. The coding regions of wild-type and mutant TBRssculentuntv. Rutgers)B.oleraceaandA.thalianarRNA gene
differ at three amino acid positions in the DNA-binding domainpromoters into Arabidopsis protoplasts and detecting their
The mutant proteins can recognize the mutated TATA boixanscripts by S1 nuclease protectid®)( The three species
sequence TGTAAA and suppress this mutation in TATA-dependetgtsted are all dicots, but tomato is a member oStienaceae
promoters41). family wherea®rassicaandArabidopsisare related genera within

MATERIALS AND METHODS
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Brassica RNA: +—-+_ Figure 2. Comparison ofA.thaliang B.oleraceaand tomato rRNA gene

PE SI promoter regions. Thia vivo transcription start site is defined as (+1). Only
differences from thArabidopsissequence are shown. Note that Doelling and
-2820 -517 -319 +42 +104 +7,45 Pikaard (23) showed that thet®undary of thé\.thalianapromoter, defined
by transient expression, lies between —-55 and —33 antltbarglary is near
|253 a I‘; \f- lSSl +6. In this minimal promoter region, tBeassicaand tomato promoters share
Avall SspI  Hinfl Avall approximately the same similarity to tAeabidopsispromoter except that
tomato has a 1 bp insertion at —6.
* S1 probe
<€ primer

and transcription start site specificity Athaliana(23). If the
Figure 1. Determination of the transcription start site of chromosomal initiator region is the dominant promoter element, we reasoned
B.oleracearRNA genes. Total RNA isolated froBioleraceaseedlings was that species-specificity might not occur in plants such that tomato

subjected to primer extension (PE; lane 1) and S1 nuclease protection (lane 3)nq B oler: romoters transf i i isor I
The S1 probe was ti&sp (—319)-Avdl (+104) fragment; the primer was the %{ dB.ole aceapromoters trans ected infoab dOpS sprotoplasts

Hinfl(+42)-Aval (+104) fragment; both were-Bnd labeled at thaval site. would program transcription from the normal S_tart site (+1).
Transcript 5ends mapped to the same site, TARAT(+1 is underlined). ClonedA thalianarRNA gene promoters transiently expressed
Dideoxynucleotide sequencing reactions (G, A, C, T) were generated using thén Arabidopsisprotoplasts program transcription from +1, as
Hinfl—Aval primer. No primer extension or S1 nuclease protection productsexpected (FigBA, lane 1) £2,23). However, the tomato promoter
‘(’;’:rzzsdgtgf]f‘i”;gsop”;::%'\/ﬁ%t'ons using yeast tRNA in plasticaRNA - gave rise to barely detectable transcription from +1 but strong
' ' transcription initiation from +32 (Fi§B, lane 1). Th&.oleracea
promoter gave rise to two prominent transcription start sites
(Fig. 3C, lane 1); one mapping to +1 but a 5-10-fold stronger
the Cruciferae Transcription start sites of endogenous (chromosignal mapping to +29. Primer extension analysis also mapped
somal) tomato and.thalianarRNA genes have been mapped toRNA 5'-ends to +29, confirming the S1 data (data not shown).
the sequences TATAIRGGG and TATARGGGG, respectively Note that S1 protected fragments were not detected in mock
(+1 is underlined in both casegp26). However, the transcription transfected (no plasmid DNA) protoplasts, showing that the
start site oB.oleracearRNA genes had not been mapped prioprobes specifically detect plasmid-derived transcripts (lane 2 of each
to our study. Therefore, based on the published sequence of flamel) and not endogenous RNAs.
complete intergenic spacéit(47) and comparison tArabidopsis Tomato andBrassicaranscripts initiated at +32 and +29 could
sequences, we used primer extension (Eigane 1) and S1 be due toArabidopsis RNA polymerase | transcribing the
nuclease protection (Fid, lane 3) to map the transcription startheterologous promoters from an unusual start site, Iog@nto
site inB.oleracea(Fig. 1). Both assays show that transcriptionpol | initiation at -4 when a wild-typelaevispromoter is expressed
initiates at TATARAGGG (+1 is underlined), as predicted. in a mouse extract §,48). However, both +1 and +29 transcripts
Importantly, we detected no transcripts other than those from tivere observed with tH&.oleracegpromoter, suggesting that the
expected RNA polymerase | start site (+1). The same is true fArabidopsispol | machinery is capable of recognizing the
tomato @6) andA.thaliana(22). promoter correctly. An alternative possibility was that +29 (or +32)
Comparison ofrabidopsisB.oleraceaand tomato promoter transcripts were not synthesized by pol | but by another
regions show thafrabidopsisandB.oleraceashare blocks of polymerase. This alternate hypothesis was suggested by the fact
sequence conservation from approximately —220 to +1@hat polymerase Il transcripts generally initiate 25—-35 nucleotides
consistent with their phylogenetic relationship, whereas tomato addwnstream from a TATA box4@) and both the tomato and
Arabidopsisare quite different except in the vicinity of the cauliflower rRNA initiation regions match the TATA box
transcription start site (Fig). Mutation analyses have shown thatconsensus TATAa/tAa/t10,50). Unfortunatelyp-amanitin can-
the conserved initiator region is important for promoter strengtiot be used to selectively inactivate RNA polymerases Il and Il
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Figure 3. Transient expression of homologous and heterologous rRNA gene promofetisaliana protoplasts reveals unexpected transcription start sites
programmed by foreign promoters. In panels A, B and C, lane 1 shows the S1 protected products following transfection of a pBluescript plasmid bearing the cl
promoter regions, all in the same orientation within the plasmid (diagrammed at the bottom). Lane 2 shows that no S1 products are obtained with RNA f
mock-transfected protoplasté.)(TheA.thalianapromoter programs transcription from the same start site used by endogenous, chromosomal rRNA genes, define
as +1. Note the faint bands at +31 to +34 discussed in the text. Similar results are obtained with a variety of claeegiefitbes ranging between —2590 and -55/-33
(22,23). B) Transient expression of the rRNA gene promoter of tomato, a species distantly réleabéitipsisprograms strong transcription from +32 and only

a trace signal at +1CJ§ The rRNA gene promoter &.oleraceaa species closely related Aoabidopsis programs both accurate initiation from +1 and strong
transcription from +29. Similar results were obtained Biteraceaclones whose'Sequences extended to —2782, —68 or —39 (data not shown). For (A—C), sequence
ladders were generated by the method of Sanger using an oligonucleotide primef-aetdsediched the labeled nucleotide of the S1 probe, allowing transcription
initiation sites to be mapped precisely. Exposure times and probe specific activities were similar in each panel.

in intact plant cells, either due to poor uptake or inactivation of theas not eliminated, suggesting that other promoter domains must
drug (discussed i22). Therefore, we needed to devise othemlso be involved in programming accurate promoter recognition.
means of determining if two polymerase systems were involved. The results of Figurd suggested that +29 transcripts were

If +29 transcripts were due to TBP-dependent polymerase Il dependent on the TATATAA sequence in the wild-type promoter,
[l transcription, we predicted TBP should bind directly to thepossibly due to the need for TBP to interact directly with this
TATA box at the +1 region. In the absence of a reliable plaitto ~ sequence. This assumption could be tested by suppressor
transcription system, we tested this hypothesis using a molecutaralysis. In yeast, a three amino acid mutation in TBP allows
genetic approach based on mutagenesis. We focused on rheognition of the TGTAAA mutant TATA boX% (). Analogous
B.oleraceapromoter because +1 and +29 transcripts can tmippressor TBPs have been engineered withinAdtthaliana
detected with a single probe and compared within a single laneT®P genes by altering the codons for the same three amino acids
a gel, internally controlling each experiment. We changed TATATANd were shown to compensate for TATA mutations in promoters
to TGTAAA because this clustered set of point mutationsiglisr recognized by both polymerases Il and Il in planid).(
TBP binding and RNA polymerase |l transcription in yea$t (  Expression vectors for the twigabidopsissuppressor TBP genes
and also disrupts TATA-dependent snRNA transcription by RNAnd the two wild-type TBP genes were generously provided by
polymerases Il and lll iA.thaliana(41). Transient expression of Heard and Filipowicz4(1). Co-transfection of a suppressor TBP
the TGTAAA mutant promoter inArabidopsis protoplasts gene with the rRNA gene promoter bearing the TGTAAA mutation
resulted in a dramatic reduction in +29 transcripts &lgne 1), restored transcription from +29 (Fl. Suppressor versions of
compared to wild-type (lane 2), consistent with the hypothesixoth TBP genes were equally active (compare lanes 2 and 4). In
that +29 transcripts are dependent on TBP binding. Importantlypntrast, co-transfection of the wild-type TBP genes failed to
transcription from +1 was unaffected by the TGTAAA mutatiorsuppress the promoter mutation (lanes 1 and 3). Importantly, +1
(compare lanes 1 and 2). A second mutation was made thanscription was unaffected by expression of the TBP proteins.
changed TATATAA to TATATAG to make thd3.oleracea The data of Figur® suggested that +29 transcripts are the
sequence match the correspondiialianainitiator sequence consequence of TBP—TATA interactions within the conserved +1
(Fig.2). Interestingly, the Ato G change altered the ratio of +1 anegion. Though RNA polymerase Il was implicated, certain genes
+29 transcripts in favor of +1 (Fid, lane 3), suggesting that transcribed by RNA polymerase Ill have TATA boxes that
making the initiator region mordérabidopsisike improves interact with TBP®). As mentioned previouslkg-amanitin is not
recognition by pol | ii\rabidopsiscells. However, +29 transcription useful for inactivating RNA polymerases Il and Ill in intact plant



4740 Nucleic Acids Research, 1996, Vol. 24, No. 23

GACTI123456¢6 GACTI12345
i — +1
® ‘3R ¢ | —+1
—_— 29 -
i . —+29
-
- .
)] i
-
G,‘P.P'P’:;b?",‘pﬁ wtmwtm —
RSN <> b TBP1 TBP2
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transfected Figure 5. Suppressor TATA-binding proteins capable of binding TGTAAA

restore +29 transcription. The TGTAAA promoter mutant was co-transfected
into Arabidopsigprotoplasts with a vector expressigbidopsisTATA-binding
Figure 4. TATA box mutations known to disrupt TBP-dependent RNA  protein genes (TBP1 or TBP2) from the strong cauliflower mosaic virus 35S
polymerase Il and Il transcription reduce +29 transcripts. The wild-type promoter (41). Both wild-type (wt) TBP and suppressor TBP (m) proteins were
B.oleraceaRNA gene promoter directs transcripts initiating weakly at +1 and tested; these differ by three amino acids within the coding regions but are
strongly from +29 in transfectédabidopsigrotoplasts (lane 2). Changing the otherwise identical. Both suppressor TBPs rescued the TGTAAA mutation,
+1 region from TATATA to TGTAAA reduced +29 transcripts >10-fold (lane 1). restoring +29 transcripts (lanes 2 and 4). Co-expression of wild-type TBPs had
Changing TATATAA to TATATAG (A+2G mutant) to resemble the start site of N0 effect (lanes 1 and 3). No differences in the activity of TBP1 and TBP2 were
the A.thaliana promoter improved +1 transcriptidib-fold (lane 3). No detected (compare lanes 1 and 3 with lanes 2 and 4), suggesting that they are
transcripts were detected in mock-transfected cells using the construct-specifiunctionally equivalent (see also ref. 41). Note that transcription from +1 is
probes (lanes 4-6, respectively). The sequencing ladder was generated from th#affected by co-expression of wild-type or suppressor TBPs.
wild-type promoter and a primef-énd labeled at thébd site (as in Fig. 3C).

B.oleraceaRNA gene sequences constitute a remarkably strong
cells. Therefore, we exploited the fact that RNA polymerase firomoter for reporter gene expression, similar in strength to the
transcripts can be efficiently translated due to tHeirfhethyl-  CaMV 19S promoter, and most consistent with expression by pol
guanylate cap structures recognized by initiation factor complexisAlso consistent with pol Il transcription are the results of the
(52). In contrast, neither polymerase | nor polymerase Ill transcriptsutation-suppressor analyses suggesting that polymerase Il
are translated at significant levels. A luciferase reporter gene wagnscription is programmed by direct binding of TBP to the
cloned downstream of a wild-typB.oleracearRNA gene consensus TATA box at the RNA polymerase | initiation site. The
promoter or a promoter bearing the TGTAAA mutation and thedatter results suggest that the TATA sequence of plant rRNA gene
constructs were tested by transient expression @Ay. The  promoters is capable of interacting with TBP, but the differential
wild-type B.oleraceapromoter directed high levels of luciferaseresponse of the polymerase | and Il systems to the A+2G and
expression (FighB; results of two independent trials are shown) TGTAAA mutations (Fig4) suggests that TBP does not bind the
Mutating TATATA to TGTAAA reduced luciferase activity startsite directly during RNA polymerase | transcription complex
25-35-fold (Fig6B), consistent with the reduction in +29 transcriptsassembly.

(Fig. 4, compare lanes 1 and 2). Furthermore, co-transfection of
suppressor TBP1 with the promoter mutant restored luciferaggscyssionN
activity (Fig.6C, compare to luciferase levels from the TGTAAA
mutant promoter in FighB), whereas overexpression of wild-type Our study shows for the first time vivo that an rRNA gene
TBP1 was 6-8-fold less effective. The restoration of luciferaggromoter of one plant species is not correctly recognized in another
activity with the suppressor TBP agreed with the retiboraf +29  species unless the two species are closely related. In general, this
transcripts (Fig5, lanes 2 and 4). is the expected result by analogy to animal systems. What is
It is noteworthy that the amount of luciferase expressed fronifferent from reported animal systems is that an alien plant
the wild-typeBrassicarRNA gene promoter was only 10-fold promoter is not simply inert, but tends to program transcription
lower than what we measured in the same experiments usingniiation from an altered sité30 nucleotides downstream of the
control construct42) which has luciferase expressed from theexpected pol | transcription start site. We investigated the aberrant
cauliflower mosaic virus (CaMV) 35S promoter with an extraranscription to see if an alternative start site for RNA polymerase
copy of its enhancer, among the strongest known promoters fowas involved because this might tell us more about the
dicotyledenous plants (data not shown). For comparison, the 3&&juences required for pol | transcription. Instead, we found that
promoter is 50 times stronger than the nopaline synthase promdtes alternative transcription start sites were due to initiation by
and 10 times stronger than the CaMV 19S promoter, two pol éinother polymerase, most likely RNA polymerase 1. A brief
promoters well-characterized in plants3)( Therefore, the report of a crude cell extract from tobacco that supports pol |
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A 99 these phenomena are due to introducing genes into species that di
[ not interbreed or are the consequences of drastic promoter
—{ P | luciferase [omPIT3 |- mutations, as in studies of ShARNA genes. However, the insights
; ""““;1 these studies provide into promoter architecture and function are
TATATA  wild type promoter often important. Our results confirm and clarify the prediction

TGTAAA  mutant promoter that the TATA sequence at the pol | start site of plant rRNA genes
can be a binding site for TBP2340). However, direct
TBP-TATA interactions program pol Il transcription, not pol |

Eff?féi{f)efg;-l;‘:p?e?s?gg" o which appears unaffected by mutations that disrupt TBP binding
& and TATA-dependent luciferase expression. In hindsight, the
*E 40000 experiments of Haa®s al are consistent with our results. Their
- 30000 study showed that maize TBP could bind the maize rRNA gene
z promoter, but only in the presence of yeast TFHA),(a
E‘ 200001 transcription factor involved in recruiting the TBP-containing
g protein complex (TFIID) in the assembly of pol Il pre-initiation
@ 100001 complexes §5). Our results are also consistent with studies in
& other systemsAcanthamoebdas a TATA-like element at the
E 0- 28s < 5 . rRNA transcription start site and requires a TBP-containing factor
52 -§ E gg for pol | transcription §9). Acanthamoebapol 1l and pol I
Bg 3 E,, gg transqri_ptionir_] vitro are _sensitive to inhibition_ by a '_I'ATA-_box
E z ; 3 gy containing oligonucleotide, but p_ol | transcription is resistant,
2 2 suggesting that TBP does not directly interact with the TATA
—_  — element of the rRNA initiator regio9). InterestinglyAcantha-
tal 1 tral 2 moebal BP can be cross-linked to promoter sequences near —40
(56), suggesting that lack of interaction with a TATA sequence
C Rescue of TATA mutation does not preclude the possibility of interactions elsewhere. In
. by suppressor TBP mammals it appears that proteins tightly bound to TBP within the
g 60000 S TIF-1B (SL1) complex, but not TBP itself, are in contact with the
B 50000 1 § DNA and can be cross-linked to the promogs).(
;if 40000 1 % N Our study also provides additional evidence for a functional
Z 200001 § % role of the TATA-containing initiator element in plant rRNA
5 § § genes. As shown in Figudglane 3) a single point mutation that
5 200007 %\ § makes th@rassicainitiator a better match to thatAfabidopsis
E 10000 | § § improves promoter recognition in favor of the authentic +1 start
3 ol m — m site. This demon_strates an inv_olvement of the initiator regi(_)n in
- SEg g @ e promoter recognition. A parglle_l is that f[he ‘core promoter’ prOX|m_a_I
é, 55 B35 to the transcription start site is also involved in species-specific
s 8 3 ¢ pol | transcription in animalsl{). However, the function of the
oy B initiator region in plant rRNA genes remains unknown. If not a
.Tl‘“. ‘___;1_:4 binding site for TBP, what might it do? One possibility is that the
tr1 tr1

TATA sequence is conserved because it is easily melted or has
some other important structural characteristic. It may not be a direct
Figure 6. Transcripts initiating at +29 can be translated, suggesting transcriptiordinding site for a transcription factor.
by RNA polymerase II. Wild-type (TATATAA) or mutant (TGTAAB)oleracea Several control experiments done in the course of this study are
e vetnmnan P dera o oty st . Worth mertioning, though the data have ot been shon. We
E)atches of protoplasts (trials p1 ert)nd Zp) was determined 21%1 foIIowingcons'_dered the possibility that aberrant pro_mOter rECOgn"f'on In
transfection (B) and (C)B} The wild-type promoter (TATATAA) expressed transient assays could result from excessive concentrations of
high levels of luciferase whereas the mutant promoter (TGTAAA) didGjot. ( template DNA transfected into plant cells, overwhelming the pol
Luciferase expfengigg fg:& thgr?alflta%g;%rggtgf V\gséisf;:goay gfovflfl ijnffechranscription machinery. Several observations argue against this
I'IrJgPsllf?I%r: 32?; of (B) and (Cr))are dt)a/rived from tﬁ/e sameptwo trials, the datgg?%OSSIbl.“ty' F.IrSt’ a.trans.f eCtmabldOpSI$romOter is correctly
separated for the sake of clarity. recognized imrabidopsiscells, suggesting that the system has
not been overwhelmed. Second, the number of transfected
plasmids per cell approximates the number of endogenous rRNA
genes using our standard conditioh3).(We do not know how
transcriptionn vitro showed no transcription signal with a beanmany transfected templates reach the nucleus, but their relatively
promoter, also suggesting species specificity of plant rRNA gemeeak expression signals compared to endogenous genes suggest
transcription$4). These authors did not report aberrant start sitethat a small fraction are transcribed.
but the capacity of the extract to program pol Il transcription was Another possibility is that differences in the promoter constructs
not discussed. might contribute to the apparent switch in polymerase specificity,
One can argue that there is o vivo significance to possibly due to cryptic enhancers in the plasmid sequences.
species-specificity or polymerase-specificity switching becaudg¢oweverArabidopsigpromoter constructs containing essentially
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complete spacers or minimal promoter sequences (e.g. —55 to d6jicient yeast ‘petite’ mutants that have lost their mitochondrial
program transcription from the authentic +1 start si8).( genomes and maintain a substantial portion of their nuclear rRNA
Therefore, moving a hypothetical pol Il enhancer in the plasmigkenes as autonomously replicating extra-chromosomal circles.
closer to the promoter did not stimulate pol Il transcription, noFhese episomal circles arise via recombination within the rDNA
did deletion of spacer sequences preclude pol | transcription. \Aay and are maintained by virtue of a replication origin in the
also did the reciprocal experiment of Figdrdéane 3; changing intergenic spacer of every rRNA gene. In the episomal state, they
the G at +2 of thArabidopsignitiator region to an A to resemble showed that the rRNA gene promoter was recognized by RNA
the initiators of tomato anBrassicain case this would allow a polymerase Il, initiating transcription from the same site as RNA
cryptic enhancer to act synergistically with a different TATApolymerase |. Furthermore, petite mutants that were also
element. This change weakened the +1 signal slightly and leddefective for RNA polymerase | (same pol | mutant used by
a slightly increased intensity of the minor S1 protection productéomura’s lab) were viable under certain conditions, presumably
in the vicinity of +31 (Fig.3A), suggesting that even an surviving the pol | defect using pol Il to transcribe episomal rRNA
Arabidopsispromoter can be used (inefficiently) by pol Il in gene circles. Polymerase-switching has not been documented
Arabidopsisells. However, thArabidopsisG+2A mutation did among yeast rRNA genes located at their normal chromosomal
not result in strong +30 transcription similar to tomato otocations. Nonetheless, Conrad-Webb and Butow suggest that an
Brassica Furthermore, ouBrassicatemplates were designed to RNA polymerase |l promoter that overlaps the polymerase |
resemble our best characteriZethalianatemplates, including promoter could provide cells with additional regulatory possibilities
their 8 and 3 boundaries and orientation within the pBluescripin the production of rRNA. If so, it is intriguing to speculate that
vector (see diagrams in FBA and C). Therefore, the differences plant rRNA genes may share this regulatory plasticity.

in transcription fromBrassica and Arabidopsispromoters is
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