3100-3106 Nucleic Acids Research, 1996, Vol. 24, No. 15

0 1996 Oxford University Press

Role of TATA box sequence and orientation in
determining RNA polymerase II/1ll transcription

specificity

Yan Wang, Richard C. Jensen and William E. Stumph*

Department of Chemistry and Molecular Biology Institute, San Diego State University, San Diego,

CA 92182-1030, USA

Received February 9, 1996; Revised and Accepted June 12, 1996

ABSTRACT

Work from a number of laboratories has indicated that
the TATA box sequence can act as a basal promoter
element not only for RNA polymerase Il (RNAP II)
transcription, but also for transcription by RNA poly-
merase Il (RNAP I11). We previously reported that, in the
absence of other cis-acting elements, the canonical
TATA sequence TATAAAAA specifically supported
transcription by RNAP Il in an unfractionated
nuclear extract, whereas the sequence TTTTTATA (the
same sequence in reverse orientation) directed RNAP
[l transcription. We have now examined a variety of
other TATA box sequences with regard to RNA poly-
merase selectivity and their ability to support RNAP lI
transcription. The results have allowed us to rank
these TATA box sequences with respect to their
relative strengths as RNAP Ill promoter elements in

unfractionated Drosophila extracts. Further, the data

indicate that T residues at positions 2 and 4 of the TATA
box appear to be important determinants of RNAP I
selectivity in this system, whereas A residues at these
positions favor RNAP Il transcription. Finally, the data
suggest that transcription factors TFIID and TFIIIB,
although both capable of binding a variety of TATA
elements, have distinct sequence preferences for
recognizing the TATA box and possibly the surrounding

DNA.

INTRODUCTION

Drosophila

and the homologous RNAP llI-specific factor BRFS), as well
as a number of evolutionarily related integral subunits of the RNA
polymerases themselved.(

Although the TATA box was originally identified as a promoter
element upstream of many mRNA genes, it is also capable of
directing transcription by RNAP 1IBE16). Interestingly, work
from our lab recently demonstrated that, in the absence of other
cisacting elements, the RNA polymerase specificity of a
promoter could be determined by the orientation of a certain
TATA box sequencel(). In an unfractionatedrosophila
nuclear extract, the canonical TATA sequence TATAAAAA
specifically promoted RNAP Il transcription, whereas the same
sequence when flipped into the reverse orientation (TTTTTATA)
specifically promoted RNAP Il transcription. Moreover, in the
same reaction mixture, RNAP Il initiated transcriptid@2—23
base pairs (bp) downstream of the forward TATA box, whereas
RNAP 1l initiated a similar distance from the TATA box but in
the opposite ‘upstream’ directiof®). Those results indicated
that the RNAP Il and RNAP Il initiation complexes preferentially
assembled in opposite orientations on the chosen TATA box
sequence.

The sequence TATAAAAA was selected for the above-described
studies based upon its high degree of sequence asymmetry anc
upon a previous observation that it acted as a strong RNAP I
promoter in th®rosophilain vitro transcription systenig). We
now report related studies using a number of different TATA box
sequence variants. The data have enabled us to rank the TATA
boxes in terms of their abilities to promote RNAP Il transcription
in the unfractionate®rosophilanuclear extract. The results of
these studies indicate that the original sequence TTTTTATA may

The eukaryotic RNA polymerase (RNAP) II and RNAP [l Fepresent an optimal RNAP III TATA box and that Ts at positions
transcriptional machineries are evolutionarily related. Indeed,and 4 are important determinants of RNAP IlI specificity in this
some of the polypeptides utilized by the two RNA polymerase®y/Stem.

are identical. For example, the TATA box-binding protein (TBP)

is required for both RNAP Il and RNAP Il transcription as aMATERIALS AND METHODS

subunit of the polymerase-specific factors TFIID andIIBF
respectively [reviewed iri(2)]. Moreover, at least five polypep-

Plasmid templates

tide subunits are shared in common by the RNAP Il and RNAPlasmid templates H/D ‘forward’ TATA and H/D ‘reverse’ TATA
Il enzymes of yeast3(4). A number of homologous yet have been previously describéd)( Each contains the synthetic
non-identical polypeptides are also characteristic of the twaequence TATAAAAA inserted between tkpnl and BanHl
systems. Examples include the RNAP lI-specific factor TFlIBites of pUC18, but oriented in opposite directions. All the other
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H/D templates were constructed by replacing the TATA sequenegen a high concentration@famanitin £2,23), tagetitoxin was
between th&pnl andBarnH| sites of the H/D ‘forward’ TATA  employed as a specific RNAP Il inhibita24). Transcription
plasmid with other synthetic TATA variants. This generated products were assayed by primer extension analysis.
family of plasmids that were identical to each other except for theFigure 1, lanes 1-32, shows typical results using an oligo-
8 bp TATA box sequence. nucleotide primer (1211z) that detects transcription initiating in
The wild-typeDrosophilaU1 gene template with 391 bp of the ‘Drosophild sequences and proceeding in the rightward
5'-flanking DNA has been previously describetB)( The direction. The sequence TATAAAAA and the cognate reverse
wild-type U6 gene template was prepared starting from a plasmi&TA sequence, TTTTTATA, produced results identical to
obtained from Ram Reddy (Baylor College of Medicine) thapreviously reported finding4 7). Both TATA sequences supported
contained the wild-typBrosophilaU6-2 geneX9). An EcaRl-  transcription in theDrosophila SNF with similar efficiencies
Hadll restriction fragment was isolated that contained 59 bp qfFig. 1, compare lane 1 with 18, and lane 19 with 32). However,
U6-2 gene coding sequence and 409 bp-fi&bking DNA. This  the canonical forward sequence TATAAAAA promoted RNAP
fragment was then inserted betweenBbeRI andHincll sites  |I-specific transcription (inhibited bwyi-amanitin but not by
of pUC18 to use as a templateifovitro transcription assays. All tagetitoxin, lanes 2 and 3) whereas the cognate reverse TATA
plasmids were grown i.coli TOP10 cells (Invitrogen), purified sequence TTTTTATA specifically promoted transcription by
using Qiagen Plasmid Maxi kits, and sequenced to confirm tHNAP IIl (not inhibited bya-amanitin but inhibited by tagetitoxin,

identity of the promoter region. lanes 20 and 21). Transcription was TATA box-dependent, since
no products were detectable when a sequence with three G/C
In vitro transcription substitutions was inserted in either orientation (lanes 17 and 31).

o . o o As expected, two other canonical forward TATA sequences,
Transcription reactions, purification of transcription productsTaATATAAA and TATAAATA, overwhelmingly supported
and analy3sz|s by primer extension were as described previoUBKAP || transcription (Figl, lanes 5-12). However, when these
(17). The*“P-labeled primers were complementary to pUC1§y, TATA sequences were placed in the reverse orientation, a
DNA on e|th_er side of the pol_ylmker (New England_BloIabs NOmixture of both RNAP Il and RNAP Il transcription was
1233 or a primer [12117] similar to New England Biolabs 12115pserved, and the overall level of transcription was somewhat
but extended by 7 nuclequdes at |t535d). Primer extension  gecreased (Figl, lanes 23-30). Transcription promoted by the
products were separated in 10% denaturing polyacrylamide gl ence TTTATATA was more thoroughly inhibited by tagetitox-
that were dried prior to autoradiography and/or Phosphorimaggfihan byn-amanitin, indicating that 60—70% of the transcription
quantitation. Each template was transcribed in a minimum of fiNg,ss que to RNAP IlI (lanes 23-26). The second sequence

different experiments. TATTTATA, promoted RNAP Il and RNAP [l transcription with
approximately equal efficiencies (lanes 27—30). Somewhat surpris-
RESULTS ingly, the completely symetrical TATA box, TATATATA, very
. . o . efficiently promoted transcription by RNAP Il but worked poorly
Studies on ‘canonical’ TATA boxes: effect of sequence for RNAP Il transcription (Figl, lanes 13-16). Indeed, by

and orientation on promoter strength and RNA

L Phosphorimager analysis, the RNAP Il signal was >15-fold
polymerase specificity

greater than the RNAP Il signal. Together, these results suggest

In an initial experiment, several canonical variants of the TATAhat increasing the number of alternating TpA residues disfavors
sequence and their reverse-orientation counterparts were testégscription by RNAP il relative to RNAP L.
for their ability to promote transcription by either RNAP Il and/or Next, transcription initiating in the upstream direction (in the
RNAP III. These synthetic 8 bp TATA sequences were clonegynthetic ‘human’ DNA) was measured for each of these
within the pUC18 vector polylinker region (see top of Hijg. constructs by using the 1233 oligonucleotide for the primer
Toward the right (or ‘downstream’) of the TATA element eactextension assays (Fifj, lanes 33-64). Since transcription was
template contained synthetic sequence that corresponds t@sgayed in the opposite direction, the TATA boxes can be
combination of sequences surroundingifesophilaUl and U6 considered to be reversed in orientation relative to the experiments
gene transcription start sites. Toward the left of the TATA box (ishown in lanes 1-32. In accord with previous resul®, (
the ‘upstream’ direction), the templates contained sequentf@anscription initiating in the reverse direction from TATAAAAA
resembling a combination of the human Ul and U6 genwas predominantly due to RNAP llI (lanes 33—36). However, the
transcription start sites. Knowing that U1 genes are transcribed #§§ta shown in lanes 37-44 was somewhat unexpected because
RNAP Il and U6 genes by RNAP IlI, we chose this combinatiotranscription promoted by these TATA boxes in the leftward
of U1 and U6 sequences with the goal of optimizing the conteglirection was almost entirely due to RNAP Il. These results
for initiation of transcription for each of the RNA polymerasesshould be compared with those shown in lanes 23-30, in which
A second important consideration in choosing these sequend#S§’A boxes with the same sequences (relative to the direction of
was the knowledge that both the U1 and U6 genes have extertiahscription) promoted mixture of RNAP 1l and RNAP I
promoters that reside entirely upstream of position —20; thus thdranscription. Thus, there appears to be an intrinsic bias in favor
are no known promoter elements within the synthetic U1/U6-likef RNAP Il over RNAP lIl transcription in the leftward direction
sequences that were employed to optimize the transcription stafative to transcription in the rightward direction, but the
sites. underlying cause of this bias has not been investigated. Apparently
The DNA templates were transcrib@dvitro using a soluble a strong RNAP 11l TATA box (TTTTTATA) can overcome this
nuclear fraction (SNF) prepared froBrosophila embryos bias (lanes 33—36), whereas TATA boxes that are less selective are
(20,21). The drugx-amanitin was used as a specific inhibitor ofunable to do so (lanes 37—44). The symmetrical TATA sequence
RNAP II. Because insect RNAP Il is resistant to inhibition byTATATATA acted as a very strong RNAP lI-specific promoter in
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Figure 1. Primer extension analysis iof vitro transcription products synthesized from H/D templates that contain various TATA box sequences in ‘forward’ and
‘reverse’ orientations. Transcription was carried out using an unfractidaaphilanuclear extract. Templates were constructed containing the DNA sequences
shown at the top of the figure inserted betweektt®l andXbd sites of pUC18. Italics represent plasmid-derived DNA. The bold Xs indicate the position where
the variant TATA box sequences were positioned. The actual TATA sequences utilized in each construction are shown above the corresponding lanes c
autoradiograms. The arrows above or below the TATA box sequences represent the direction of transcription being assayed. Plus signs above the individual
indicate inclusion of the RNAP Il-specific inhibitaramanitin (2ug/ml) or the RNAP lll-specific inhibitor tagetitoxin (0.4 U/ml, Epicentre Technologies).
Transcription start sites (indicated by arrows above or below the sequence at the top of the figure) were mapped by running the primer extension products alor
sequencing ladders (data not shown). Bands on the autoradiograms are indicated that correspond to reverse transcription products of 76—77 (1211z primer) or
nucleotides (1233 primer). The position of a 54mer oligonucleotide that was added to each reaction as a recovery standard is also shown. Each panel repre
different set of transcriptions, but reactions with the original forward TATA (TATAAAAA) and reverse TATA (TTTTTATA) templates were included in each panel

to permit a comparison of intensities from set to set.

the leftward direction (lanes 45-48 in comparison to lanawore recently for TATA-mediated RNAP Il transcription
13-16), lending further support to the concept that there is a bidg,26). Constructs containing this mutation (TGTAAAAA)
favoring RNAP II transcription in the leftward direction. Aswere therefore analyzed for their ability to support transcription
expected, the TATA boxes in the canonical forward orientatioby either RNAP 1l or RNAP Il (Fig2). A comparison of lanes
(relative to the leftward direction of transcription being assayed)and 2 (Fig2) shows that the G substitution abolished nearly all
were highly specific for RNAP Il (lanes 51-62). transcription (due to RNAP 1) in the forward (rightward)
direction. Interestingly, the mutant TATA box, when reversed in
; x orientation, was able to support RNAP lll-specific transcription
Effect of an A to G mutation at position 2 of the TATA box in the rightward direction (lanes 3-6), although at Brfold

The substitution of a G residue for the canonical A residue educed level compared to the non-mutant reverse TATA box
position 2 of the TATA box has been shown to be highlyflane 7). When transcription was assayed in the leftward direction
deleterious for TATA-mediated RNAP Il transcriptictb{ and  (lanes 8-14), similar results were obtained. Whereas RNAP I
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Figure 2. Primer extension analysisinfvitro transcription products from H/D strong and highly selective promoter for RNAP Il (F:lglanes

‘for\Nard"and ‘reverse’ TGTAAAAA templates. Conditions and explanation of 23_26)' Two variants with Changes at the second position

symbols are the same as described in the legend to Figure 1. (TCTTTATA and TGTTTATA) supported very _|0W levels of
transcription, although the low level that remained was RNAP
lll-specific. (In this particular experiment, a shorter product

transcription was reduced over 30-fold by the base substituti@®parently resulting from downstream initiation was detected
(compare lanes 8 and 9), RNAP Il transcription promoted by tHeom these two templates, but this shorter transcript was not
mutated reverse TATA box was reduced only 5-fold relative to tHeonsistently observed in other experiments.)
original reverse TATA sequence (lanes 10-14).

Relative strength of various TATA box sequences as

Determinants of RNAP Il specificity promoters for RNAP IlI transcription

One interpretation of the above experiments is that a run of five frsorder to rank the various TATA box variants according to their
on the non-template strand in the upstream portion of the TAT@bility to promote RNAP Il transcriptiom vitro, 14 of the

box (e.g. TTTTTATA or TTTTTACA) represents a sufficient constructs were transcribed |n_the presenaeavhanitin and the
determinant for RNAP Il transcription. Therefore, in the nexProducts were run together in the same gel (#49. Band
series of experiments (Fi§), we tested the ability of a number of intensities from five experiments similar to that shown in Fidire
variant TATA sequences to promote transcription by RNAP |11 Tvere quantified by Phosphorlmager analysis, and the levels of
avoid any variation that might arise from the contribution of th&ranscription were determined relative to that obtained with the
flanking sequences, these experiments were done only with §guence TTTTTATA. In FigurdB, the TATA sequences are

1211z primer to assay transcription only in the rightward directiofrdered according to their relative strengths as promoters for
A run of e|ght consecutive T residues (ijanes 1_4) RNAP 11l tranSCflptlon. From these data, it is evident that the

supported RNAP Il transcription but with onlyL0% of the sequence TTTTTATA represents the optimal RNAP IIl TATA
efficiency of the sequence TTTTTATA (compare with lane 18)sequence among those tested. Moreover, there is a wide range o
The sequences TTTTTAAA, TTTTAAAA and TTTAAAAA RNAP il transcription efficiencies that is dependent upon the
also exhibited a high degree of selectivity in favor of RNAP lIspecific TATA box sequence. These results will be further
versus RNAP I transcription (Fig, lanes 5-16). The sequence 2ddressed in the Discussion section.

TTTAAATA preferentially supported RNAP 1l transcription, but The synthetic templates are transcribedh vitro with

in this case a significant RNAP 1l componem®§b of the total e ;
- X ) efficiencies comparable to native U1 and U6 promoters
transcription signal) was clearly detectable (Bjdanes 19-22). P P
The sequence CTTTTATA, which is the reverse orientation ¢k final experiment was performed to assess the physiological
the adenovirus major late canonical TATA box, was a reasonablglevance of the vitro transcriptional levels obtained from the
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Figure 5. Comparison of thé vitro transcription activities of synthetic H/D
templates with the activities of natural U1 and U6 gene promoters. All analyses
were carried out using the 1211z oligonucleotide for primer extension. Products
arising from transcription of the wild-type U1, wild-type U6 and H/D templates
are indicated. Other conditions and explanation of symbols are described in the
legend to Figure 1.

forward TATA box sequences (e.g. TATAAAAA, TATATAAA or
TATAAATA) are strongly selective for RNAP I transcription.
The cognate reverse TATA box, in one case, was highly selective
for RNAP 1l (TTTTTATA), and in the other two cases
(TTTATATA and TATTTATA) RNAP Il and/or RNAP Il
Figure 4. (A) Autoradiogram showing the relative efficiencies of RNAP IIl - transcription was preferentially supported depending upon context
transcription promoted by various TATA box sequences. All transcription (i.e. polymerase specificity was dependent upon direction of

reactions were performed in the presence jf/thl a-amanitin. The TATA ey .
sequences driving transcription in each lane are indicated in the first and secot%ansc”pt'on assayed). On the other hand, the Sy.mmet.ncal
columns of part (B)B) Results from several experiments similar to the one S€qUeNce TATATATA strongly favored RNAP Il transcription in

shown in (A) were quantified by Phosphorimager analysis. The TATA both directions of transcription. These results argue that T
sequences are arranged in descending order of RNAP Il transcriptionresidues at positions 2 and 4 in the TATA box act as important
efficiency relative to the sequence TTTTTATA. Errors shown are the standarqjeterminams for RNAP Il specificity in the crumosophila
deviation of the mean.
nuclear extract.
Several TATA box variants were found to be preferentially

o ) o o selective for RNAP Ill. However, none of these was as efficient
artificial templates relative to the transcriptional activities ofqy promoting RNAP Ill transcription as the original sequence
natural promoters recognized by RNAP Il,and RNAP lIl. Figure frst studied in earlier experiments (TTTTTATA)7. Although
compares the activity of the H/D ‘forward’ TATA template (lanesne |ibrary of mutations tested is certainly not exhaustive, several
1-4) with the activity of the natiierosophilaU1 gene promoter conclusions can be drawn from the available data and can be
(lanes 5-8). The synthetic template was transciiBddld more g ;mmarized as follows.

efficiently in vitro by RNAP Il than the template that contained
the wild-type U1 gene promoter. Position 1 Substitution of C for T_(CTTTATA) decreased

Figure5 also presents data for RNAP IlI-specific transcriptionRNAP lll-specific transcriptiofiB-fold (Fig.4), yet the selectivity
The relative transcription levels obtained from the H/D ‘reversdor RNAP IlI versus RNAP Il remained very high (F8).

TATA templf'ite (lanes 9-12) were compared with levels Obtainegosition 2 Data for all four nucleotides were obtained at the
fr?mmt?er de'tyteenuﬁigegg_fplrgmrgt?r (Iaf;}eis r%t?_%[g).nT?r? U8econd position and the results indicate the following order of
promoter was transcribeti-io ore etficiently tha € nucleotide preference for effective RNAP Ill transcription:

reverse TATA promoter. In conclusion, transcription from thel. >A>C >G (compare TTTTTATA, TRITATA, TCTTTATA
synthetic templates vitro occurred at levels that were reasonablyan d TG TTATA in Fi% 4 = T

comparable to those obtained from the natural U1 and U6 gene

TCTTTATA A0 +f=- 01
TTTOCATO 05 af= 011
TGTTTATA .01 +/= 01

templates. Position 3 No comparative data is available since all TATA
variants tested contained T at this position.
DISCUSSION Positions 4 and 5A TpT dinucleotide appears to be optimal;

RNAP Il transcription from templates with either an ApT or TpA
dinucleotide was significantly less efficient. Interestingly an ApA
double substitution partly restored a higher level of expression
We have examined the ability of various TATA box sequences {compare TTTTTATA versus TTTAITA versus TTTAAATA,
selectively promote RNAP 1l or RNAP Il transcription in aand compare TTTTTAAA versus TITPRA versus
Drosophila nuclear extract. Our data indicate that canonical TTAAAAA in Fig. 4).

The TATA box as a promoter element for RNAP lil
transcription
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Positions 6 and .8The functional role of the nucleotides at thesesuggest that runs of T residues in the first five positions of the
positions is addressed by a double point substitution (TTTTTT TATA box favor RNAP Il transcription, whereas alternating T-A
versus TTTTTATA). In this case, RNAP Il transcription wasresidues favor RNAP |l transcription. In an earlier paper, we
reduced 10-fold, indicating that transcriptional efficiency byinterpreted these data to indicate that a ‘forward’ TATA box
RNAP Il can be drastically affected by the specific nucleotidefavored RNAP Il transcription, and a ‘reverse’ TATA box RNAP
at positions 6 and/or 8 of the TATA box. Il transcription (7). One mechanism to explain this phenomenon
Position 7 The importance of this position is revealed by the fa if' that TBP binds in opposite orientations on RNAP Il and RNAP
that A. P E Gt it pd fvely i 'thy 3_Cil promoters (5,17). Alternatively, different TBP associated
atan A or & substitution résulted respectively In either a 3- gl g (TAFs) in TFIID and TFIIIB may differentially modulate
6-fold decrease in RNAP Il transcription (TTTTTATA VErSUSthe DNA binding specificity of TBP or themselves contribute to

TTTTTAAA versus TTTTTAQ in Fig. 4). This result is xya pox recognition. In this case, the sequence of the TATA
consistent with the recent observation that a seventh-posmonb x, rather than the orientatigrer se may be the feature

sctfot\)stitution (in thelTAgAt box cto?tfxt_;:% vV %AtO(roSLTA-II?_III responsible for polymerase selection. Indeed, when complexed
) was_extremely detrimental to -mediate with TAFs in the RNAP I-specific factor SL1, TBP is unable to

transcription in a reconstituted yeast syste@ (n theDrosophila cognize a TATA box33). Additional examples in which the
SNF, the effect appears to be not quite as severe; alternauvg&lA binding specificity of TBP may be modified by associated
perhaps the five Ts in the upstream portion of our SequenEeL o s have been noted by other work@s3¢,35). Moreover,
(TTTTTACA) produce a stronger RNAP Il TATA box and \ypitenallet al (26), using a yeast recombinant RNAP Il system,
partially overcome the detrimental effect of the C at position 7. -/ recently presented evidence that TBP binds in the same

The contextual (flanking sequence) contribution t0 RNAientation on the yeast Us RNAP Ill promoter as it does on
polymerase specificity was not examined in this study. Th NAP || promoters

templates were designed to minimize known RNAP Il or RNAP 1,0 15 presented here are compatible with either model of

lll promoter elements other than the TATA box, but it is p.O.S.Sib.l%BP binding. Whether the preferences for RNAP 1l or RNAP llI
that cryptic elements may affect RNA polymerase specificity ”ﬂanscription observed in our experiments arise from TBP

a particular direction. This is evidenced by the fact that thﬁﬁteractin ; ; ; : ; ;
: g in opposite orientations or alternatively arise from the
sRe'\(Iqxgnﬁes ;IJ_TI-:_AtTATA ".’mt(.j TA.‘TI;ATA ﬁgzmgt‘aq a t’.T"Xt.“fe of gifferential action of TAFs in different TBP compiexes can only
an ranscription in the rightward direction in Ourlb_>e determined by further experimentation. A definitive answer

experiments, but when inverted favored nearly exclusive RNAR, undoubtedly require high-resolution cross-linking experiments

Il transcription in the leftward direction (Fid). This is not ; . : . :
unreasonable in that the RNAP Il and RNAP Il basal transcripti o rttri]aﬁl; oan;[;iﬁg}/:d toFE)ﬁgArgpnlchén aé)ﬁxg (ﬂcl pg%ﬂﬁﬁgﬁ; n

machineries contain polypeptide subunits in addition to TBP th mplexes. Significantly, however, our results provide an insight

directly contact the DNA in the pre-initiation complex, and Ny, e preferred functional DNA binding specificities of TFIIIB
some instances these interactions exhibit sequence—speuflc'@ative to that of TEIID

For exampleDrosophilaTFIID interacts with both a consensus
initiation site sequence and with a downstream promoter elem
(DPE) present in many TATA-le§xosophilamRNA-encoding %KNOWLEDGEMENTS
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