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ABSTRACT

The specific RNA—protein interactions responsible for

the production of mature 3 ' ends of eukaryotic MRNAs
are not well understood. Sequence elements at the 3 '
ends of yeast genes have been identified that specify
the position of the poly(A) site and the efficiency of
polyadenylation. To provide additional insights into

the interaction between important sequences that
direct 3 '-end formation invivo and nuclear proteins, we
utilized gel mobility shift assays and UV-crosslinking
studies. The data indicate that a protein, with an apparent
molecular weight of 80 kDa, interacts specifically with
pre-mRNA at the (UA) 3 efficiency element. Although
the interaction is specific, it can be competed by RNA
sequences that do not contain the same type of
efficiency element; that is, a sequence lacking a (UA) 3
repeat. This result implies that the protein binding site

is flexible. Using immunoprecipitation techniques, the
protein has been identified as Hrpl, a heteronuclear
RNA binding protein. The role of Hrplp in 3 '-end
formation including RNA processing and transcription
termination is addressed.

INTRODUCTION

from both mammalian cells and yeadt?,(3). In yeast, in
addition to PAP, a polyadenylation factor | (PF 1), a poly(A)
binding protein (PAB 1), and a third factor, CF |, are required for
poly(A) addition. The identification of the components of the
processing reactions is a first step toward understanding the
mechanism by which the processing machinery recognizes the
poly(A) site and allows the poly(A) polymerase to add the tall
onto the mature end of the mRNA.

In order to fully understand the mechanism'eéid formation
itis also necessary to identify ttis-acting signals that determine
the site of cleavage and polyadenylation, as well as the efficiency
of this process. A comparison of sequences surrounding the
poly(A) site of a large number of yeast genes does not reveal a
highly conserved signal for cleavage and polyadenylation.
However, mutational analysis revealed that a tri-partite signal
exists at the ends of yeast genk§1(S). This signal consists of
an element that influences the efficiency of the reaction (usually
a UA-rich element), followed by a sequence that directs the
position of the cleavage (usually an A-rich element), followed by
the poly(A) site itself (usually PyA). Although not found
uniformly in all yeast genes in this simple arrangement, a
synthetic signal consisting of the efficiency, positioning and
poly(A) site elements is necessary and sufficient to difezn®
formationin vivo.

Insight into the role of the efficiency element has recently been
gained by the demonstration that a GST—Hrpl (heterogeneous

The 3 ends of eukaryotic mMRNA are marked by a polyadenylatauclear ribonucleoprotein, the sole component of CF IB) fusion
[poly(A)] tail. The poly(A) is added onto the pre-mRNA post- protein binds to a pre-cleaved RNA\vitro at the UA element,
transcriptionally as a result of a two step process: endonucleolytihich is essential for'@nd formationn vivo (16). Additional
cleavage of the pre-mRNA followed by the polymerization of thgroteins such as RNA 15p, and the 105 kDa protein in CF Il, can
adenylate residues (for reviews 4¢8. Significant progress has also interact with the’and RNA sequencé,(10,11). Although
been made in understanding the machinery that directs thebe RNA 15p binding site is unknown, the 105 kDa protein
pre-mRNA processing everitsvitro. In both mammalian cells interacts with a UA-sequence in pre-mRNA only in the presence
and yeast, the cleavage and polyadenylation reactions can dféATP. It is not clear why both GST—Hrp1 and 105 kDa proteins
performed using pre-mRNA substrates and cellular exttad)s ( binds the same UA elemantvitro.

In yeast, additional genetic approaches have been utilized toAlthough much has been learned regarding the mechanism of

identify components of the processing machinénp). Taken = RNA processing at thé 8nd usingn vitro assays, it is important
together, the current understanding of the cleavage reactitm note that in these studies, the RNA processing events are
indicates that three factors (CF IA, CF IB and CF Il) are requiredncoupled from transcription by RNA polymerase Il. However,
(10,11). The proteins that constitute each factor have beeseveral lines of evidence suggest that transcription a&edd3
identified and many are homologous to proteins identified ifiormation are coupled to each otlierivo. For example, in the
mammalian cells. The polyadenylation reaction is also welibsence of termination, downstream promoter elements may be
understood. The poly(A) polymerase (PAP) has been identifieatlversely affected by readthrough from an upstream promoter
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(17-20). Mutation of thecis-acting signal, critical for cleavage primers PM1, 5GCGCTGCAGGATCCGACACTTCTAAAT-
and polyadenylation in mammalian cells and yeast results RAGCGG-3 and PM2, 5CCGCTCGAGGGCATGCGAAG-
aberrant termination of transcription by RNA polymerase IIGAAAATGAG-3') into BanHI-Sall sites of p1GA. Therefore,
(21-24). However the most direct evidence for coupling of theADH 2 3 end was located between the GPD promoter and the
processing machinery with transcription termination comes frolADH1 3 end in plasmid pGA101. Plasmid p2GA was obtained
two recent observations. First, mutations in the known yeably removing theADH1 3' end from pGA101 usingsi and
processing factors Rnal4, Rnal5 and Pcfll result in increadedll, filling in the ends and ligating the blunt ends. Plasmid
readthrough transcription2%). Secondly, processing factors, pL407 is the same as pL101 except thafiRel2 3 end contains
including those that constitute the mammalian CPSF (cleavad&TATA(74—79) element deletion. Plasmid p2GAdel(3/the
and polyadenylation specificity factor) are associated with theame as p2GA except that tABH2 3 end contains TATA-
phosphorylated C-terminal domain of RNA polymerase [ITA(74-79) element deletion.
(26-28). This suggests a model whereby processing factors are
loaded onto the polymerase early in the transcription process,
‘unloaded’ following synthesis of the polyadenylation signal at
the end of a gene. The oligodeoxynuclotides PM3, '-GACACTTCTAAAT-

In order to fully examine the process 6feBd formation, we AAGCGG-3: PM4, 3-GCGCTAATACGACTCACTATAG-
reasoned that an vitro system that is competent in transcriptionGGCAAACGCGGTGGGAGC-3 PM5, 3-GTGTTCGTTAT-
and 3-end formation may provide new insights into theGTACGGC-3; and PM6, 5GCGCTAATACGACTCACTAT-
mechanism of'3end formation. In contrast to the highly purified AGGGCATGCGAAGGAAAATG-3' were synthesized. The
protein factors that process exogenously added pre-mRNAnderlined DNA sequence is the T7 promoter. The template for
nuclear extracts synthesize the pre-mR8#\novo and may synthesis oADH2 3-end antisense RNA probe A (FiB) was
utilize factors that are specific to both polyadenylation anéhade by amplifying upstreatiDH2 3' end with primers PM3
transcription termination. Using nuclear extracts, we demonstrateghd PM4. The template for synthesisA@H2 3' end antisense
previously that RNA polymerase Il recognizes termination siteRNA probe B (Fig.1B) was made by amplifying downstream
resulting in the production of transcripts that edtDO nt  ADH2 3 end with primers PM5 and PM6. The PCR fragments
downstream of the polyadenylation sifel), These transcripts were transcribed by T7 RNA polymerase in the presence of
are not polyadenylated and are suggestive of a pre-mRNA prod{g#P]JUTP and RNAs were purified.
of transcription that is neither cleaved nor polyadenylated. For this
reason, we have chosen to examine the RNA—protein interactia{?ésast transformation
important for 3-end formation and transcription termination in a

system that may more closely mimic the events that @teiwro.  plasmids pL101, pL407, plGA, p2GA and pBEVY-U were
transformed into yeast strain YPH 38ATa ade2-101 lys2-801

ura3-52 trp1-1 leu2-1 Yeast transformation was performed as
described31). Cells were streaked onto complete minimal media
plates without uracil and with dextrose (CM-URA DEX plates).

thesis ofADH2 3' end antisense probes

MATERIALS AND METHODS
Reagents and enzymes

Protease K, RNasin, NTP, dNTP, and all restriction enzyme¢east total RNA preparation, northern blot analysis and
were purchased from Promega. Vent DNA polymerase, T4 DNRT—PCR mapping of mMRNA poly(A) sites

ligase and Klenow fragment were from New England Biolabs. T
RNase was from Boehringer Mannheim. RNase A was fro
Sigma. P2P]JUTP was from Amersham. All chemicals were
supplied by Fisher. Plasmid pT7T319U was from Pharmacia.

east cells containing p1GA, p2GA and pBEVY-U were grown
in 5 ml of CM-URA Dex to an OBy of [0.8-1.0. Yeast cells
containing pL101 and pL407 were grown in 5 ml of complete
minimal media without uracil and with galactose to anggyD
[D.5. Yeast total RNA was prepared according to the described
Plasmid construction protocol 32). RNAs were separated by electrophoresis on 1.5%

agarose-formaldehyde gels and northern analyses were carried

Plasmid pL101 andADH2 3-end sequence was describedout as described?g). Mapping the 3ends of mMRNAs was
previously @3) and is shown in FigurdA. The plasmid described previoush3(@).
pBEVY-U (Fig. 1A) was kindly provided by Dr Charles Miller
and described2(). It is a yeast um plasmid containing tWo  preparation of yeast nuclear extracts andn vitro
promoters for bi-directional cloning and expression in yeast. ORgynscription
promoter, from theADH1 gene, is followed by thADH2 3
termination. The other promot&PD is followed by theADH1  Yeast nuclear extracts were prepared from strain BJ@2&d/a
3' termination signal. ThisDH13'-end sequence is sufficient for trpl/+prc1-126/prcl-126 pep4-3/pepd-3 prbl-1122/prbl-1122
3'-end formation and has been described previoB8)yRlasmid  canl/can}as described@). The resulting nuclear extracts were
plGA (map not shown) was constructed on the basis atored at —80C. Protein concentration was determined using
pPBEVY-U by removing théADH2 3' end usingSmd andXhd,  Bio-Rad protein assay. For eaichvitro transcription reaction,
filling in the ends with Klenow fragment and ligating the blunt130 ug of extracts and 0.ag supercoiled DNA template were
ends with T4 DNA ligase. Plasmid pGA101 (map not shown) waisicubated in a total volume of 0. Thein vitro transcription
made by inserting th&anmHI-Xhol ADH2 3-end fragment reaction and RNA extraction were described previolssy. (n
(amplified by PCR with restriction enzyme-containing sitevitro transcribed RNAs were analysed by northern blot.
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Figure 1.Plasmids used in this study @ndivoRNA analysis.£) Schematic diagram of the three reporter plasmids (not to scale). Plasmid pL101 coniddhtthe
3' end inserted into intron of tfP51 Agene under the control 6fy C1promoter and th6 AL UAS. Plasmids pBEVY-U and p2GA contains &2H2 3' end under
the control of theADH1 andGPD promoters, respectivel\BY ADH2 3'-end antisense probes A and B indicated by thick li@dn(vivo RNAs were analyzed by
northern blot usindDH2 3-end antisense RNA probe A. Arrows indicateithgvo RNA products. Lanes 1 and 2,1 RNA extracted from yeast cells containing
plasmids pL101 and pL407, respectively; lanes 3 and 44gArbvivo RNA extracted from yeast cells containing plasmids p2GA and p2GAdg)({B&pectively;
lanes 5 and 6, [3g RNA extracted from yeast cells containing plasmids pL101 and pBEVY-U, respeciyéllafping the poly(A) sites. The cDNAs were obtained
by RT-PCR from RNAs extracted from yeast cells containing plasmids pL101 and pBEVY-U cloned into the pT7T3. Six clonds sampéawere sequenced.

The lines above the letters indicate last nucleotides immediately prior to the poly(A) tail. The numbers above thee®itidaldie the number of clones in which
that site is used for adding poly(A) tail.
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Synthesis of different RNA fragments A In vitra Inwitra * B In vitro

RMA RNA RMA
DNA templates for synthesizing eadkDH2 3 end RNA o .
fragment were made using PCR with aénse primer containing
the T7 promoter sequence and ar8isense primer. RNA probes -
were labeled with3¥PJUTP duringin vitro transcription, and
RNA competitors were transcribed in the absencé®fTP.
For making sens&DH1 RNA fragment A, thé&sti—Dral ADH1
3-end fragment from pBEVY-U (FiglA) was cloned into
Psi—-Sma | cleaved vector pT7T319U. The new plasmid
pT7T319WADH1 3 end was cut bizcaR| and transcribed by T7 -
RNA polymerase to synthesize seAEEH1 RNA fragment A. In
order to make th&DH1 RNA fragment B for UV-crosslinking
study, primers 324T7 (835CGCTAATACGACTCACTATAGG- - . -
GTTGACACTTCTAAATAAG-3") and 325 (5AAATTTGTA- .;
TACACTTA-3') were used to amplify templa#dH1 3 end in
plasmid pBEVY-U. The PCR fragments containing 87 bp just
upstream of poly(A) sites3() were transcribed by T7 RNA 1 2 3 4 5 & ' 1 2 3
polymerase. BotiADH1 RNA fragments A and B contain the
cis-acting sequences upstream of poly(A) si&é),(but ADH1
RNA fragment A is longer. All RNA probes and competitors wereFigure 2.1n vitro transcription using templates pL101 and p2GA. Botfivo
puriied by electiophoresis n 5% acryamide 7 M u1ea Gel A oo o peac i
Ovemlght eIutlg)n at 24 in 0.5 M ammonium ac.etate’ 1 mM on_ta?ning plasmids pL101 an& p2GA, respective_ly; Ie_me 2,'RNyA transcribed
EDTA, and 0.1% SDS, followed by phenol extraction and ethanal, yitro using template pL101; lane 5, RNA transcribetitro using template

precipitation. p2GA,; Lanes 3 and 6 are duplicates of lanes 2 and 5, respectively. The left arrow
indicates then vitro pL101 RNA. The right arrows indicate timevitro p2GA
- . RNA. (B) Longer exposure daf vitro transcribed RNA. Lane 1,y ofin vivo
Gel mobility shift assay pL101 RNA; lanes 2 and B vitro transcribed pL101 RNA, as indicated by the

RNAs were incubated for 15 min at®Zwith 90ug of nuclear right arrow.

extracts in a 2Qu mixture using thein vitro transcription

conditions 85). Optimization of the reaction included: varying out as describe®6), using a 1:2000 dilution of mouse polyclonal
the pH (range 6.9-8.1); the K acetate (0—70 mM); and thg&erum against §Hrpl. Both mouse polyclonal serum and
MgSQy, MgCly, NaCl and KCI (0100 mM). The absence of MgHgHrpl protein were generous gifts from Marco Kessler and
acetate had no effect on specific RNA—protein binding. The fingllaire Moore.

reaction mixture contained 10 mM HEPES (pH adjusted by KOH

to 7.8), 0.025 mM of each rNTP, 3 mM Mgg@ mM MgCb,  Immunoprecipitation

5 mM EDTA, 2.5 mM DTT, 20 U RNasin, fig tRNA, 10% S .
glycerol and 9Qug yeast nuclear extracts. Competition assay munoprecipitation (IP) was performed following th_e protocol
were performed by mixing2P-labeled RNA with 20-, 40-, 80-, described by Santa Cruz Biotechnology, Inc. Briefly, after
160-, 320- and 640-fold molar excess of unlabeled competitg\/'cmss''”k'ng and RNase A digestion, Buffer IPx(BBS,

1

pL10

pL101
p2GA
p2GA
pP2GA
pL101

pLIl

- |-

tt

RNAs prior to the addition of nuclear extracts. The reactio :01% NP40, 0.1% SDS) was added to each tube and mixed.

mixtures were run on a 5% polyacrylamide (604)ftis—glycine >uPsequently, il anti-Hrpl mouse serum oril pre-immune

el at 2C. Gels were dried and visualized by a conventiond'CUSe serum was added and incubated®@tér 1 h; 20ul
gutoradiography or by a Phosphorimager. Y protein A agarose (Santa Cruz) was incubated _thmgaﬁsast
nuclear extracts in 2Qd Buffer IP at £C for 30 min. The beads

were collected by centrifugation and mixed with each sample.
The reactions were incubated &C4for 1 h. Immunoprecipitates

RNAs were incubated with 9@y as described above for the gel Were collected b_y centrlfu_gatlon, the pellet washed twice Wlth
mobility shift assay. After binding, each mixture was digeste@Uffer IP, repeating centrifugation steps as above. After final
with 60 U RNase T1 at 2&€ for 15 min and subsequently wash, the pellet was resuspended inui@x electrophoresis
exposed to short wavelength UV light (254 nm) on ice at a 6 cRfmMPle buffer.

distance for 40 min. Samples were digested with@BNase A

only or with 25g RNase A and g proteinase K for 15 min at RESULTS

37°C and analyzed by 10% SDS-PAGE. The gel was dried arg,
subjected to autoradiography or visualized by scanning the gel

UV-crosslinking

e effect of the (UA} deletion on 3-end formation in vivo

with a Phosphorimager. Previous studies have demonstrated that the sequences located &
the end of théADH2 gene constitute a strong termination signal
Immunoblotting (23,24). By examining a 327 nt fragment inserted within an intron

in a chimeric gene linked toacZ (Fig. 1A), we determined that
18ug yeast nuclear extracts and OuAH6Hrpl were separated transcription termination occurs with high efficiency (95%
on a 10% SDS-PAGE, blotted and immunostained with mougermination) at theADH2 3' end. Four point mutations were
polyclonal antibodies againstsHrpl. Immunoblots were carried identified within the terminator sequence that resulted in
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Figure 3. RNA fragments and RNA—protein binding\)(The RNA fragments tested by the gel mobility shift assay. The nucleotide numbering corresponds to that
described (23) B) 32P-labeled RNA fragments E—| were incubated with yeast nuclear extracts and analysed on a native polyacrylamide gelowhedefhtas

the unique band in lane 1. The right arrow indicates the unique band in I&)e&3&! fnobility shift assay using the optimum binding conditions for RNA—protein
interaction. The specific band is indicated by the right arrow. Lanes 1 and 2, 11 pmol wild-type RNA (E) and 11 pmol mutghpRikés, respectively; lanes 3

and 4 (identical reactions), 11 pmol wild-type RNA probes (E) incubated with nuclear extracts; Lanes 5 and 6 (identitg)| flaptizol mutant RNA (F) incubated

with nuclear extracts.

decreased efficiency of termination of transcription. Howevels influenced by the promoter. RNA was isolated from cells
these mutations are located upstream of the presumptive efficieragntaining the plasmids pL101, pBEVY-U and p2GA, and subjected
and positioning elements described by Guo and ShefiBaT¢  to northern blot analysis as shown in Figl@ Note that within the
determine if thADH2 termination site utilizes an unusual signalp2GA context, a deletion of the same (gélficiency element also

or contains a consensus-like efficiency element, we examined tresults in complete readthrough (lanes 3 and 4).

effect of a deletion of a (UA)equence, a good candidate for the To establish if the polyadenylation sites are the same in both the
efficiency element in thaDH2 3 end. Deletion of this efficiency pL101 context and the pBEVY context, RT-PCR was used to
element (pL407) results in increased readthroimglivo as  generate the appropriate DNA fragments that were then cloned
indicated by the production high levelfiefialactosidase activity and sequenced. The results of this analysis are shown in Higjure
compared with cells containing the wild-type plasmid (data ncind demonstrate that the poly(A) tail is added onto the pre-mRNA
shown). RNA isolated from cells containing the wild-typeat the same region within tieH2 3'-end sequence regardless
plasmid (pL101) or the plasmid containing the efficiency elemerdf the intron context of the terminator. In contrast, RNA from cells
deletion (pL407) was analyzed by northern blotting using anontaining p2GA contain a major and a minor species (not
ADH2 3'-end antisense probe A, as shown in Figldeand the mapped). The difference between the poly(A) site selection may
predicted terminated transcript was seen only in wild-type cellse promoter specific or due to contextual effects.

(Fig. 1C, lanes 1 and 2). Thus, the (UAEquence is required for

3'-end formatiorin viva. In vitro transcription assay using different promoters

In addition to the ability of thé\DH2 3'-end signal to direct
efficient terminationin vivo, we have also shown that RNA
polymerase Il recognizes the sequence dumingro transcription

A major feature of the chimeric gene used to access terminatiand generates RNA thati#00 nt longer than the same RNA
efficiency is the presence of thHeedd formation signal within an synthesizedn vivo. The template used for that study was the
intron. To test if the terminator context might have effects osupercoiled plasmid, pL10l. As the transcription extracts are
MRNA 3-end formation, we utilized two new templates in whichprepared from cells grown under repressing conditions (i.e. in
the intron is removed and transcription is driven either by thdextrose), the resulting transcription presumably reflects a basal
GPD or theADH1 promoter (see FidlA for a comparison of level of activity. Given that the promoter in the pL101 plasmid is
these plasmids). In addition, as the promoters are different in aligulated by galactose induction, we reasoned that we might
three plasmids, we can determine if selection of the poly(A) sitenprove upon the yields in this reaction if we utilized a new

The effect of theADH2 3' end context on the choice of its
poly(A) sites
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Figure 4. Competition assay using cold wild-type RNA (E) and mutant RNA (F). Increasing molar amounts of cold wild-type RNA and rAutesteRiNixed
with 11 pmol32P-labeled wild-type RNA (E) before adding nuclear extracts. Lanes 1 and 9, wild-type RNA probes (E) alone; lanes 2—8, imgiagaainount
of cold wild-type RNA (0, 20, 40, 80, 160, 320 and§4tanes 10-16, increasing molar amount of cold mutant RNA (0, 20, 40, 80, 160, 320>gndl&eft arrow
indicates the specific band can be competed gradually by the wild-type RNA. The right arrow indicates that the spedifiobbad-ompeted by cold mutant RNA.

template that contains the same termination sequence drivenddyility to bind to protein from the nuclear extract under the same
the constitutive, highly express&PD promoter. To test the conditions used for the transcription reactions. Of the nine
promoter effects on the efficiency of the transcription reaction, wdifferent RNAs tested in the gel shift assay, no differences
compared RNA synthesizéul vitro off both types of templates. between the wild-type and the mutants were observed between
Indeed, the p2GA template directs the transcription oAbid2  fragments A and B or C and D (data not shown). However,
terminated transcript more efficiently compared with the pL10fragment E clearly showed a specific gel-shifting pattern that was
template, as shown in FiguBA (compare lanes 2 and 3 with eliminated in the comparable fragment containing the gUA)
lanes 5 and 6). Quantitation of the signals seen on northern bladisletion (fragment F, FigB). Fragment E contaileDH2 3'-end
demonstrate an increase in &kigH2 signal of(B-fold. sequences from position 50 to 154, including the efficiency

element. To localize the protein binding site(s) further, truncated
A specific RNA—protein interaction in the nuclear extracts ~ RINAS were synthesized (FigA, fragments G-). Only fragment

I, containing the (UAJ repeat, showed a unique gel-shifting
Having established that tirevitro transcription reaction mimics pattern establishing that the protein binding site is present within
the events that occim vivo, we reasoned that we might utilize this sequence (Fi@B).
these extracts to provide additional insights into the relationshipTo confirm these observations we optimized conditions for
of a transcriptional termination sequence with specific nucledinding of protein to the E RNA fragment. Specifically, the
proteins. In order to investigate specific RNA—protein interactionparameters for pH, salt concentrations (MgQ{(Cl, NaCl,
we utilized an RNA gel mobility shift assay. We focused on thatlgSQy, and K- and Mg-acetate), were determined as described
part of the 327 nt RNA fragment that contained the most likelin Materials and Methods (data not shown). Upon optimization,
candidates for valid efficiency and positioning elements withithe RNA—protein interaction was very clear, as shown in F&ftre
the ADH2 termination sequence. We optimized the RNAThese conditions were utilized for all further experiments.
substrate for binding by testing several overlapping fragments ofWe reasoned that if the RNA—protein interaction we observed
the ADH2 3-end sequence’?P-labeled RNA was prepared was indeed specific, then the gel-shift pattern should be competed
corresponding to each of the fragments shown in Figlre by wild-type RNA (RNA corresponding to fragment E), but not
Primers containing the T7 promoter sequence were combindégt RNA containing a mutation that eliminatésed formation
with gene-specific sequences to generate PCR fragments tiravivo (RNA corresponding to fragment F). Thus, competition
would serve as a template for T7 RNA polymerase. To assess theeriments were performed whereby unlabeled RNA was added
specificity of the RNA—protein interaction, both wild-type andin increasing amounts to the reaction mix. As shown in Figure
mutant RNAs were synthesized. The mutant RNAs containedtle unlabeled wild-type RNA competes with the labeled probe for
previously described U60G mutatio?3f or the deletion of the protein binding; in contrast, unlabeled RNA containing the gJA)
(UA)3 sequence, either of which had a clear negative effect ateletion does not compete, even when present in 640-fold molar
3'-end formatiorin viva. Each fragment was then tested for theexcess. Taken together with the observation that a RNA binding
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Figure 5. UV-crosslinking of proteins to RNAs, immunoprecipitation and immunoblotting analysis of Hrp1 pré)ef. gmolP2P-labeled wild-type (E) and 29 nM
mutant (F) RNA were UV-crosslinked to proteins in yeast nuclear extracts. Lanes 1 and 2 (identical reactions), protekesidmsesld-type RNA (E); lanes 3

and 4 (identical reactions), proteins crosslinked to mutant RNA (F); lane 5, proteinase K treatment of proteins crosslitttgdetdRNA (E); lane 6, wild-type

RNA (E) alone without nuclear extracts; lane 7, proteinase K treatment of proteins crosslinked to mutant RNA (F); laneRiNA@E&@ralone without nuclear
extracts. The arrow indicates the specific crosslinked protein sp&)iEsofeins in yeast nuclear extracts were UV-crosslinked to 8 pmol RNA E or F and pre-immune
serum or anti-Hrp1 antibodies were added for immunoprecipitation. Lane 1, nuclear extracts (NE) + RNA E; lane 2, NE +H1IRNRANE & RNA F + anti-Hrpl

Ab; lane 4, NE + RNA E + anti-Hrpl Ab; lane 5, NE + RNA F + pre-immune serum; lane 6, NE + RNA E + pre-immune&eYeast(nuclear extracts (18)

and HHrpl protein (0.141g) were separated on a 10% SDS—PAGE, blotted and immunostained with mouse polyclonal antibodiegldgeinsiaHe 1, native

Hrpl protein; lane 2, §Hrpl protein.

substrate containing the (UAjeletion does not allow formation of 77.3 kDa; Fig5C, lane 1). The recombinangHpl was used

of a gel shifted species, we conclude that the gléafjuence is as a positive control (84 kDa; Fi§C, lane 2). Although the

necessary for pre-mRNA to interact with a protein present in theolecular mass of Hrpl is slightly higher than that reported for

nuclear extract that may be required feed formatiorin vivo. Hrplp (73 kDa), in our hands, recombinant Hrplp (calculated
molecular mass, 76 kDa) also migrated appropriately higher.

An 80 kDa protein detected by UV-crosslinking

To establish what protein is responsible (at least in part) for the g'gfplp binding specificity

mobility shift, a series of UV-crosslinking and immunoprecipitationTo determine if the protein interaction with tA®H2 3'-end
experiments were conducted. In this set of experiments, tlsequence is specific to only this terminator, or is a more universal
radiolabeled RNA was added to nuclear extracts under thactor interacting with other efficiency elements, we asked if a
optimal binding conditions determined for the gel mobility shiftdifferent 3-end signal could compete for binding with &ieH2
assay. After binding, samples were treated with RNAse T1, whi end. To address this point, we examinedAbél1 sequence
digested the sequence around the UA element, and exposed to&ftheADH1 and2 genes are diverged within this region of the
light, as described in Materials and Methods. After irradiationnon-coding regions. We examined &2@H1 3'-end sequence for
samples were treated with RNase A, and examined by SDS—-PAGEO reasons. First, it is as efficient a termination signal as the
The results are shown in Figug. If the starting RNA substrate  ADH2 3'-end sequenci vivo. Secondly, examination of the
contained the UA sequence, an 80 kDa protein was detectsgquences known to be important for directihgrgl formation
along with other non-specific proteins (lanes 1 and 2). Howeven the ADH1 gene do not reveal a UA repeat (or any of the
when the (UA} sequence was deleted (lanes 3 and 4), this 80 kZecepted variations of this efficiency element) sequence. Thus,
protein did not bind to the mutant RNA, suggesting that théhis gene does not seem to conform to the generalized processing
80 kDa polypeptide binds at the UA sequence. As a GST-HrpXHignals found in many other yeastedds. If theADH1 3-end
fusion protein has been shown to interact with a UA repeat presesignal operates via a different mechanism farl formation, it
in the 3 end of theGAL7 mRNA (16), we next examined the should not effectively compete for binding with thieH2 3'-end
possibility that this is the same protein that we are detecting in osequence. As shown in Figusd, the ADH1 3 end competes
UV-crosslinking assay. effectively with theADH2 3'-end sequence in a gel mobility shift
To establish if the 80kDa protein is Hrplp , we utilized aassay.
polyclonal antibody raised against purified Hrplp to immuno- To demonstrate directly that the competition wNiDH2 is due
precipitate extracts that have been subjected to the UV-crosslinkitig. Hrplp binding, we performed a crosslinking experiment
As shown in FigurebB, the specific crosslinked protein is utilizing radiolabeledDH1 RNA in the presence of non-specific
precipitated by anti-Hrp1p antibodies. Thus, we conclude that tHRNA. As shown in FiguréB, the same 80 kDa protein that binds
protein responsible for the mobility shift and the specifidco ADH2 RNA also binds tADH1 sequences. Finally, purified
interaction with the (UA) efficiency element is indeed Hrplp. HgHrplp can also be crosslinked to thBH1 sequence in the
Finally, to further extend our analysis, we used this antibody f@resence of non-specific RNA in a manner analogoédid2
western blot analysis on nuclear extracts. Interestingly, we detecteitdding, albeit with reduced efficiency (Fi§C). Thus, from
two Hrplp species (a major species of 79.5 kDa and a minor spediesse experiments we conclude that although the two signals



4972 Nucleic Acids Research, 1998, \ol. 26, No. 21

RINA
_'d_-.sd)‘ ’ RNA fragments fragments
ADHT BENA fragment A B F ADH E ATH1
——-
YL L B N ¥ N - — (-
—
- ——

1 2 3

111 -

B amsn o e

e

Figure 6. Competition assay and UV-crosslinking) (Competition assay using unlabeled Ai2H1 RNA fragment A. Lane 1, 11 pm#&iP-labeled wild-type RNA
(E) alone; lanes 2-8, increasing molar amounts of unlaB&étll RNA fragments A (0, 20, 40, 80, 160, 320 and*j4The right arrow indicates the specific band
that can be competed® &ndC) UV-crosslinking of a protein in yeast nuclear extracts and the recombigtdrgHo theADH1 RNA fragment B. The proteins were
analyzed by 8% SDS—PAGE. (B) Proteins in yeast nuclear extracts were crosslinked to RNA fragmentaEHE BRNA fragment B. Lane 1, NE + RNAE; lane 2,
NE + RNAF; lane 3, NE ADH1 RNA fragment B. (C) The recombinangtpl was crosslinked to the RNA fragment E AliH1 RNA fragment B, respectively.
Lane 1, HHrpl + RNA E; lane 2, kHrpl + ADH1 RNA fragment.

contain different efficiency element sequences, they interact withanscription (Fig.7B). In Figure7B, ADH2 3-end antisense

the same protein factor, Hrplp. probe B (Fig1B) was used. This probe is designed to detect the
high molecular weight species iof vivo andin vitro RNAs as

The effect of the (UA) deletion on transcription shown in Figure, lanes 4 and 5. Howeven vivo, the (UA)

termination in vitro deletion results in complete readthrough (E@, lanes 2 and 4).

The difference between tlre vivo andin vitro results allows us
We have demonstrated a specific RNA—protein interaction withito conclude that the efficiency element is important feeril
the 3 end of yeast mRNAs; however, it is not clear if the 80 kDdormation because it directs the proper cleavage of the pre-mRNA
protein we are detecting is important foeBd processing, actual transcript but it does not have an effect on the transcripts that we
transcription termination or both. As noted, the two processes détectn vitro. This may mean that thevitro synthesized RNAs
polymerase dissociation (transcription termination) and RNAre not the result of truly terminated transcript, but rather may
processing (cleavage and polyadenylation) are tightly linked ireflect a pausing of the polymerase thatyivo, can resume
yeast and in mammalian ceitsvivo making it difficult to study  transcription.
the individual reactions separatel¥1(22). However, we can
study both processes separatélyyitro. The UA element is piscussioN
required for 3end processing using cellular extra®g)( As we
have now identified a protein that interacts with pre-mRNA at thin this report we demonstrate that an 80 kDa protein interacts with
efficiency element, we wanted to determine if a mutation in the yeast 3 pre-mRNA at the efficiency elements of yeast
sequence directing this interaction would effect transcriptiopolyadenylation signals. This interaction was revealed utilizing
termination. To address this point we utilized ianvitro  gel mobility shift assays and UV-crosslinking in crude nuclear
transcription assay. Two sets of templates were examined fextracts, methodologies that had not previously been successful
transcriptionin vitro. The first contained the wild-typ&DH2  in identifying specific interactions involved in mRNA-&nd
sequence (FigA, lanes 2 and 3); the second contained the {UA)formation in yeast. Due to the complexities of the transcription
deletion (Fig7A, lanes 4 and 5). Aftén vitro transcription, RNA  and processing machinery, we reasoned that we might detect
was isolated and examined by northern blot analysis using arteractions that more closely resemble activities present in the
ADH2 3-end antisense probe A (FigB) that detects RNA nucleus if we used nuclear extracts, as opposed to purified
product. From the data shown in Fig, it is clear that there is components. Earlier work identified two purified proteins that
little difference in the transcription pattern for the two templatesspecifically interacted with the (UA) efficiency element: GST-Hrpl
Confirmation of this result was obtained when the p2GA and it99 kDa) and Cft2 (105 kDa). In utilizing yeast nuclear extracts
mutant derivative plasmid were used as a templatenfeitro  that more closely resemble tire vivo situation, we examine
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A B not terminate efficientlyA1,22). However, recent work suggests
— that although polyadenylation signals may be required for
' RNA __ Inuitro RNA termination, they are not sufficient to direct the release of RNA
Bhax . fibli a2 polymerase. The polyadenylation signals may work in concert
I =g =g with downstream elements (DSE) to pause RNA polymerase
= == 5 &5 & ik we wi ok 2N prior to the cleavage event§39). The data presented here
S 333306 R support this hypothesis in thah vivo, the (UA) efficiency

elementis clearly required for functionakd formation, yet the
in vitro results suggest that terminated transcripts are generated
even in the absense of cleavage. It is possible that in tfiteo
system, RNA polymerase pauses at a DSE, generating the
pre-cleaved transcripts that are observed,rbwivo these are
‘chased’ into readthrough transcripts in the absence of cleavage.
Alternative explanations include the possibility that itheitro
T 11 s u 3 . -— system is Iacking important factors that may function in coupling
the two reactions.
It is also interesting that different yeast genes appear to have
A — different sequence requirements for transcription termination.
1 2 3 4 5 6 L2 3 4 5 6 7 For example, the'&nd formation signals for tHeBP1 gene
resemble theADH2 signal; in both genes, deletion of the
efficiency element does not impair transcription termination or
Figure 7. Northern blot analysis dh vitro transcribed RNA. The arrow  polymerase pausing. The assays used to examiR8Rigene,
indicates thén vitro transcribed RNA productA{ In vitro transcription using transcription run-on analysis and plasmid instability assays,
templates pL101 and pL407. Lane Judin vivo RNA extracted from cells g gqast that actual termination of transcription does occur in the

containing pL101; lanes 2 and 3 (identical reactioims)itro RNA using - .
template pL101; lanes 4 and 5 (identical reactiamsjtro RNA using template absence of an eff|C|ency elemenDX. Yet, other well-studied

pL407; lane 6, no template. TREOH2 3 end antisense probe A was used. Sequences, including tkiY Clsignal, appear to be dependent on

(B) In vitro transcription using templates p2GA and p2GAdelgTApnes 1 the (UA)-like efficiency element for their termination activity

agg i g R“t‘AsleXtTfsCteflingg yeast ‘;9”3 ‘?;[;Lazméng anfsmids PthAda”d vivo(25,41,42). This raises the possibility that there are two types
, respectively. The oes not con '-end fragment an b T P .

\R/as usedpas negyative (E)ontrol; lanes 3 and 4 (identical re%:lctions), RNA: f S|gnals dlrectlng end formation in yeast, the complex

extracted fromin vitro transcription using template p2GA; lanes 5 and 6 Signal(s) such as those preserADH2 andFBP1and the more

(identical reactions), RNAs extracted framvitro transcription using template  compact signal found irGAL7 and CYC1 Whether these

DZG/TdeI(TAd)s: Iar&e 7, RNAs extracte? ffrofm Vri1tr0 transl»cri_ption Withogt differences are inconsequential or reflect a regulatory function
template and used as a negative control for northern analys&DH®ES3'-en ; ;
antisense probe B was used to detect the high MW species of RNA shown iﬁemams to be determined.

Figure 2, lanes 4-6.
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