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Termination of transcription by RNA polymerase |
(Pol 1) is a two-step process which involves pausing of
elongating transcription complexes and release of both
pre-rRNA and Pol | from the template. In mouse,
pausing of elongation complexes is mediated by the
transcription termination factor TTF-I bound to the
‘Sal box’ terminator downstream of the rDNA tran-
scription unit. Dissociation of paused ternary com-
plexes requires a cellular factor, termed PTRF for_Pol
| and transcript release factor. Here we describe the
molecular cloning of a cDNA corresponding to murine
PTRF. Recombinant PTRF is capable of dissociating
ternary Pol | transcription complexes in vitro as
revealed by release of both Pol | and nascent transcripts
from the template. Consistent with its function in
transcription termination, PTRF interacts with both
TTF-1 and Pol I. Moreover, we demonstrate specific
binding of PTRF to transcripts containing the 3’ end
of pre-rRNA. Substitution of 3’-terminal uridylates by
guanine residues abolishes PTRF binding and impairs
release activity. The results reveal a network of protein—
protein and protein—nucleic acid interactions that
governs termination of Pol | transcription.

Keywords protein interactions/RNA polymerase I/
ternary complexes/transcript release/transcription
termination

Introduction
Transcription by all three classes of nuclear RNA poly-

script, are mediated by ancillary proteins which recognize
specific sequence motifs or structures within DNA or
RNA and are capable of communicating with components
of the transcription apparatus to terminate transcription.

While transcription termination of genes transcribed by
RNA polymerase Il is still poorly characterized, the
mechanism of transcription termination by RNA poly-
merase | (Pol I) is much better understood. In short,
termination of Pol | occurs at specific terminator elements
downstream of the pre-rRNA coding region (Grummt
et al,, 1985; Bartsctet al, 1987). Despite marked differ-
ences in thecis-acting elements anttans-acting factors
in species as diverse as yeasgnopus human, rat and
mouse, the mechanism of Pol | transcription termination
in all eukaryotes is probably very similar (reviewed by
Reeder and Lang, 1994, 1997; Masenal, 1998). All
characterized Pol | terminator elements function in only
one orientation and are recognized by a specific DNA-
binding protein that stops elongating Pol I. The terminator
protein, i.e. TTF-I in mammals or Reblp in yeast, presum-
ably contacts the elongating RNA polymerase and medi-
ates the termination reaction. In addition to the binding
site for the terminator protein, an upstream element that
codes for the last 10-12 nucleotides of pre-rRNA is
required for complete termination, e.g. for release of the
terminated transcripts and Pol I.

In the mouse, termination of Pol | transcription occurs
565 bp downstream of the 28S RNA coding region
(Grummtet al., 1985). The 3endpoint of the pre-rRNA
maps upstream of {J the first of 10 ‘Sal box’ terminator
elements (AGGTCGACCAGA/TT/ANTCCG) which are
clustered within several hundred base pairs of the non-
transcribed spacer downstream of the 28S rRNA coding
region (Grummtet al, 1986). The individual Sal box
elements are flanked by long pyrimidine stretches, not
uncommon for a eukaryotic terminator. Indeed, a T-rich
element upstream of the first terminator,Thas been
demonstrated to be required for both efficient transcript
release and '3terminal processing (Kuhn and Grummt,
1989; Lang and Reeder, 1995; Masen al, 1997a).
The overall base composition of the upstream element

merases proceeds in distinct steps designated initiation,determines the efficiency of transcript release (Kuhn and

elongation and termination. Although transcription initi-
ation is a major target for regulation, a growing body of
evidence indicates that elongation ande®d formation
also play important roles in modulating cellular transcrip-
tional activity (reviewed in Manley and Proudfoot, 1994;
Shilatifard et al, 1997). Like all other steps in RNA
synthesis, formation of the’3nd of nascent transcripts

Grummt, 1989; Lang and Reeder, 1995).

The availability of cloned terminator proteins facilitated
the establishment of cell-free systems which terminate at
the same sites utilizeid vivo and thus allowed functional
studies concerning the mechanism of transcription termina-
tion. These studies revealed that murine Pol | transcription
termination requires twais-acting elements, the Sal box

is a complex process that requires both protein—nucleic terminator and the T-rich element located upstream of the
acid and protein—protein interactions. Thus, both pausing terminator T, as well as twotrans-acting factors, i.e.

of the transcription elongation complex and propeefd
formation, i.e. dissociation of the ternary transcription
complex and 3terminal processing of the primary tran-

© Oxford University Press

TTF-I and a novel activity that dissociates TTF-I-paused
transcription complexes (Masa@t al, 1997a). This novel
activity is now designated PTRF, for Pol | and transcript
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Fig. 1. Functional properties of cellular PTRFAY Diagram showing the structure of the tailed template pCAT-T6-T1 and the mutant pCAT-G6-T1.

The positions of the extended 8verhang, the CAT fragment (open box) and theée8minal rDNA fragment (thick line) including the,Terminator

element are indicated. The nucleotide sequence of the terminator region is shown below. The 18 bp Sal box terminator element is boxed; bold letters
mark the six T residues in the flanking region which are substituted by G residues in the mutant pCAT-G6-T1. Numbers indicate the position of
nucleotides with respect to thé 8nd of the 28S RNA coding region. The two vertical arrows mark the position of the primary’ @adh@nally

processed transcript whose lengths are 202 and 198 nucleotides, respe@®ivBIYRF facilitates transcript release. Transcript release was assayed

on immobilized tailed templates pCAT-T6-T1 (lanes 1-6) or pCAT-G6-T1 (lanes 7-12). Reactions containetdPol | (0.2 U), 20 ng of TTF-I

and 0, 3 or 6ul of cellular PTRF (MonoS fraction, 0.5 ng of PTRF pal) as indicated. RNA synthesized during a 10 min incubation was

fractionated into template-bound (b) and released (r) transcrip}sRNA-binding activity of PTRF32P-labeled RNA probes containing 20

nucleotides from the '3terminus of mouse pre-rRNA (lanes 1-3) were incubated in the absence or presence of cellular PTRF (MonoS fraction) as
indicated. In lanes 4-6, a mutant RNA probe was used in which the six U residues were replaced by guanosines. The ribonucleoprotein complexes
were separated from unbound RNA by electrophoresis in non-denaturing 5% polyacrylamide gels and visualized by autoradiography.

release_factor. PTRF activity was initially identified in element and flanking sequences (Figure 1A). A 10 nucleo-
partially purified fractions by complementation of a tide single-stranded’3extension or ‘tail’ was added to
release-deficient cellular Pol | for transcript release. Here the 58 end, which facilitates transcription initiation in the
we report the cloning and functional characterization absence of auxiliary factors (Kuhet al., 1990). Attach-

of PTRF and demonstrate that the recombinant protein ment of a magnetic bead to the other end of the template
possesses functional properties similar to those of the allows separation of ternary elongation complexes, which
partially purified cellular factor. Like cellular PTRF, the are paused at the terminator and are still attached to the
recombinant factor allows release of nascent Pol | tran- template, from free Pol | and transcripts which are released
scripts from ternary transcription complexes that are into the supernatant.

paused by TTF-I. We demonstrate specific interaction of  In transcription assays containing Pol | and TTF-I, two
PTRF with both TTF-I and Pol |, and show that PTRF closely spaced transcripts are generated, the longer one

bindsin vitro to transcripts containing the’ nd of pre- representing the primary terminated transcript which is
rRNA. Based on these properties of PTRF, a model of converted into the shorter one by a processing reaction
transcription termination is presented. that removes four nucleotides from thé 8nd of the

nascent transcript (Kuhn and Grummt, 1989; Masbal.,

1997a). In the absence of a PTRF-containing fraction, the
Results ¢ ; .

majority of transcripts remained bound to the template
PTRF mediates dissociation of ternary (Figure 1B, lanes 1 and 2). The proportion of template-
transcription complexes paused by TTF-I bound versus free transcripts in the supernatant changed

The transcript release assay utilizes the template pCAT-when increasing amounts of partially purified PTRF

T6-T1 which contains part of the chloramphenicol acetyl- (MonoS fraction) were added. At the highest amount of
transferase QAT) gene fused to a fragment from th&3  PTRF added, practically all transcripts were found in the
terminal spacer of mouse rDNA including one Sal box supernatant (Figure 1B, lanes 3-6), indicating that ternary
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1 TCCTCCGCTCTGGGCTCCTGCTCGCTGTCCAGTCTCTCGCTCCTCCTTCTCTCCCGGTCT

61 CCCGCTCCAGTTCCACCCGGTCGGCCCCGCACGGCTCCGGGAAGCCATGGAGGATGTCAC 721 CGACGAGGCGGTGGAGGTGGAGGAGGTGATCGAGGAGTCCCGCGCCGAGCGCATCAAGCG
1 M E D V T 206 D EAVEVEEVTIETESTZ RATET RTITEKR
121 GCTCCATATCGTTGAGCGGCCGTATTCCGGATTTCCCGATGCTTCCTCAGAGGGCCCGGA 781 CAGCGGCCTGCGGCGCGTGGACGACTTCAAGAAGGCCTTCTCCAAGGAGAAGATGGAGAA
6 LHIVEZRTPYSGTFZPDA ASTSETGTPE 226 S G L RRV DDTFEKZEKA ATF S KETZEKMEK
181 GCCCACCCAAGGGGAGGCGCGGGCCACGGAGGAGCCGTCGGGGACCGGCTCCGACGAGCT 841 GACCAAGGTGCGCACGCGTGAGAACCTGGAGAAGACGCGCCTGAAGACCAAGGAGAACCT
26 P T QGEARATETEZ PSGTTGSTDEL 246 T K VR T R ENTUILEZ KTRTILZEKTTEKTENL
241 GATCAAGTCGGACCAGGTGAACGGTGTGCTGGTGCTGAGCCTTCTGGATAAAATCATCGG 901 GGAGAAGACACGGCACACGCTGGAGAAGCGCATGAACAAGCTGGGCACGCGCCTGGTGCC
46 I K S D Q VNGV LVILSTILTILDZEKTITISG 2606 E K T RHTTULEZ K RMDNIEKTILGTT RTILUV P
301 CGCCGTTGACCAGATCCAGCTGACCCAAGCCCAGCTGGAGGAGCGACAGGCGGAGATGGA 961 CGTGGAGCGACGAGAGAAGCTGAAGACATCCCGGGACAAGCTGCGCAAGTCCTTCACGCC
66 A VD Q I Q L T Q A Q L E E R Q A E M E 286 VERRETI KTLZE KT S RDTEKTLT RTEKTST FT P
361 GGGCGCTGTGCAGAGCATCCAGGGAGAGCTGAGCAAGCTGGGCAAGGCGCACGCCACCAC 1021 CGACCATGTGGTGTATGCGCGCTCCAAGACCGCTGTCTACAAGGTGCCGCCTTTCACCTT
86 G AV Q0 S I Q GEL S K ULGZI KA AHA ATT 306 D H VVYARSTI KTA AVYZE KVUPZPTFTF
421 GAGCAACACCGTGAGCAAGTTGCTGGAGAAGGTGCGCAAGGTCAGCGTCAACGTGAAGAC 1081 CCACGTCAAGAAGATCCGCGAGGGCGAGGTGGAGGTGCTGAAGGCCACCGAGATGGTGGA
106 S NTVS KLILETE KV VR RIEKVSVNVTVTZE KT 326 HV X K I REGEVEVTILZE KA ATTEWMVE
481 CGTGCGCGGCAGCCTGGAGCGCCAGGCCGGCCAGATAAAGAAACTGGAGGTCAACGAGGC 1141 GGTGGGTCCCGAGGACGACGAGGTTGGCGCGGAGCGCGGCGAGGCCACTGACCTGCTGCG
126 VR 6 S L ERQAGOQTIIZ KZKTULTEUVNZE A 36 V.G P EDDEVGAETRGEA AT DTILTL R
541 GGAGCTGCTGAGGCGCCGCAACTTCAAAGTCATGATCTACCAGGATGAAGTCAAGCTGCC 1201 CGGGAGCAGCCCCGACGTGCACACGCTGCTGGAGATCACCGAGGAGTCGGACGCCGTCCT
146 E L L R R R N F KV M I Y Q D EV KL P 366 G S S PDVHTTLTLETITTETEST DA AVL
601 GGCCAAACTGAGCGTCAGCAAGTCGCTGAAAGAGTCGGAGGCACTGCCTGAGAAGGAGGG 1261 GGTGGACAAGAGCGACAGCGACTGAGCAGGACTCGCAGGGCTCTGCCCTGGAGGCCGGCG

166 A K L S VS K S L KE ST EA ATLTFPTETZKTEG 386 VD K S D S D *
661 TGACGAGCTGGGCGAGGGCGAGCGGCCCGAGGATGACACCGCGGCGATCGAGCTGTCGTC 1321 CCTGACCCTGCCGCCCCCTGATCCCCCACCCCTGCCCACACCGCCTTTCCCTTTTCAAAC
186 D E L GE GERPETDTDTA AATTETLS S 1381 TTTCTCTTTTGCATTCTAAAAAAAAAAAAAAAAAAA 1416

Fig. 2. Nucleotide and deduced amino acid sequence of mouse PTRF. The underlined sequences correqund to two pu_tative nuclear localization
signals identified by the PROSITE program (Sengfeal,, 1995). Two clusters of basic amino acids contained in both bipartite NLSs are marked by
bold letters.

complexes were dissociated and the RNA released fromfactor interacts with TTF-I (unpubli_shed result_s). We
the template. Significantly, PTRF function requires DNA  therefore performed a yeast two-hybrid screen (Fields and
sequences upstream of the terminatpmwhich affect the Song, 1989; Gyurigt al,, 1993) using TTF-I as a bait.
efficiency of 3 end formation (Kuhn and Grummt, 1989; The initial screening of 10’ cI_ones fr_om a h_u_man lung
Lang and Reeder, 1995; Masenal., 1997a). Conversion fibroblast WI-38 cDNA library yielded five positive clones,
of the six thymidine residues in the non-template strand one of which encoded a novel protein whlqh was found
(from +566 to +571 with respect to the’3end of 28S to represent an N-terminally truncated version of human
RNA) into guanosines (pCAT-G6-T1) impairs transcript PTRF (data not shown). The corresponding full-length
release (Figure 1B, lanes 7—-12). Thus, both PTRF and themurine cDNA was obtained by a PCR-baseq approach as
T-rich sequence upstream of the terminatpafle required  described in Materials and methods. As will be shown
for transcript release. below, this cDNA encodes functional murine PTRF. The
The importance of both the upstream sequence elementdeduced amino acid sequence of murine PTRF is shown
and PTRF for dissociation of the ternary elongation in Figure 2. The cDNA encompasses a 1176 nucleotide
complex is consistent with previous data demonstrating open reading frame (ORF) that predicts a 392 amino acid
that Pol | and transcript release depend on sequencesrotein with a molecular mass of 44 kDa. The human and
contained in the very '3end of pre-rRNA. To examine  mouse sequences are 94% homologous at the amino acid
whether PTRF would bind specifically to the end of the |evel and contain two putative nuclear localization signals.
primary rDNA transcript, we used T7 RNA polymerase Both human and mouse PTRF show 89% homology to a
to synthesize a short RNA which contains the same 3 chicken protein that has been reported to DDBJ/EMBL/
end as pre-rRNA and therefore resembles the end of theGenBank and is referred to as a putative leucine zipper
natural Pol | product. In parallel, a mutant transcript protein (Sawadaet al, 1996). The marked sequence
was used where the six U residues were converted into homology between the human, mouse and chicken cDNA
guanosines. Binding of cellular PTRF to both wild-type suggests that PTRF is a highly conserved protein.
and mutant RNA was measured in an electropgloretic
mobility shift assay. As shown in Figure 1C, incubation . . .
of PTR}/F with the ?/lvild—type probe (lanes 1-3) yielded a Recombinant PTRF interacts with TTF-I

; i ; To examine which domain of TTF-I is involved in the
formed with the mutant . i ; : )
gﬂxesrggg?:gﬁev;/hfg;/va?hrilsotresun demonstrates that interaction with PTRF, a series of N- and C-terminally

PTRF binds RNA. and the U-rich element is involved in truncated TTF-I mutants were fused to LexA and trans-

i i i formed into a yeast strain carrying B-galactosidase
specific PTRF-RNA interaction. reporter and PTRF fused to a transcription activation

Cloning of PTRF domain (Figure 3A). In this exp_eriment, the cDNA derivgd
The strategy for cloning the cDNA encoding PTRF was from the initial yeast two-hybrid screen was used whlph
based on preliminary observations indicating that this encodes N-terminally truncated human PTRF. The fusion
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Fig. 3. TTF-I interacts with PTRFRn vivo andin vitro. (A) The central
part of TTF-I interacts with PTRF. Full-length (TTFp130) and defined
regions of murine TTF-I were fused in-frame to the LexA DNA-
binding domain and tested in the yeast two-hybrid system for their
interaction with PTRF. In this experiment, an N-terminally truncated
version of human PTRF, PTRIN150, was fused to the B42
transcription activation domain. As a negative control, pRHM1, a
plasmid that expresses LexA fused to a transcriptionally inert fragment
of the Drosophila melanogasteBicoid protein (amino acid residues
2-160) was used. Numbers refer to the amino acids within TTF-1 and
Bicoid which are contained in the respective fusion proteins.
Activation of theLacZ reporter gene was quantified by a liquid
B-galactosidase assay. The mean values of three independent
experiments are showrB) PTRF interacts with immobilized TTF-I.
Histidine-tagged TTBN185 was expressed in baculovirus-infected Sf9
cells (Sandeet al., 1996) and immobilized on Rf-NTA-agarose

beads (Pharmacia). A yeast extract (i of total protein) containing
HA-tagged PTREN150 (L) was loaded onto a 1@ column

containing bound TTAN185 (lanes 2-5) or control Rif-NTA beads
(lanes 6-9). The flow-through (FT) fraction, 25% of the yeast extract
(L), two wash fractions (W) and the total amount oéth M KCI

eluate (E) were analyzed on Western blots with anti-HA (12CA5)
monoclonal antibodiesQ) Binding of TTF-I to immobilized PTRF.
GST or GST-PTRF were expressedgrecoli, bound to glutathione
beads, and incubated wifiS-labeled mTTF-I (L). The beads were
washed with 10 vols of buffer AM-100 (W) and eluted with high salt
buffer AM-1000 (E).

protein containing full-length TTF-I (LexA-TTFp130)

reconstitutes the activator required for LacZ expression,

resulting inB-galactosidase levels significantly higher than
background. Consistent with the N-terminus of TTF-I
being dispensable for transcription termination (Evers

N
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Fig. 4. Co-immunoprecipitation of PTRF and RNA polymerase |I.
Partially purified nuclear extract proteins (DEAE-280) were incubated
with bead-bound rabbit anti-PTRF antibodiesRTRF, lane 3), anti-

Pol | antibodies @-PAF/RPA53, lane 6) and the respective pre-
immune sera (Pre, lanes 2, 5). Twenty percent of the DEAE-280
fraction (Load) and the total of precipitated proteins were analyzed on
immunoblots with anti-PTRF and anti-RPA116 antibodies.

In order to demonstrate that TTF-1 and PTRF can also
interactin vitro, we performed affinity chromatography
using either TTF-1 or PTRF as immobilized ligands. To
monitor binding of PTRF to bead-bound TTF-I, a crude
yeast extract containing hemagglutinin (HA)-tagged
recombinant PTRF was chromatographed on histidine-
tagged TTF-I bound to a nickel-chelate matrix and bound
proteins were eluted with salt. The unbound proteins (FT),
the wash (W) and the eluate (E) were analyzed on
immunoblots using anti-HA antibodies. As shown in
Figure 3B, a significant amount of PTRF bound to and
could be eluted from the TTF-I beads (lanes 1-5), whereas
no binding of PTRF to control beads was observed (lanes
6-9). The reciprocal experiment, i.e. binding of TTF-I to
immobilized PTRF, is shown in Figure 3C. A glutathione
Stransferase (GST) fusion protein containing the entire
ORF of murine PTRF (GST-PTRF) was produced in
Escherichia coli bound to glutathione—Sepharose beads
and used to bind TTF-I which was synthesized in rabbit
reticulocyte lysates. Approximately 20% &%S-labeled
TTF-I was retained on the GST-PTRF (Figure 3C, lane
5) but not on the GST control resin (Figure 3C, lane 3).
Thus, thein vitro binding results confirm the physical
interaction between PTRF and TTF-I and extend the
observations obtained by the genetic interaction screen
in yeast.

PTRF associates with RNA polymerase |

In previous experiments, we have observed a great deal
of variability in the extent of transcript release depending

on the Pol | preparation used. We have separated two
forms of Pol | chromatographically, one that is competent

for transcript release on its own, and one that is release-
deficient, but can be complemented by cellular fractions

containing PTRF (Masoet al,, 1997a). This result sug-

et al, 1995), no interaction was detected between PTRF gests that the release factor is associated with and can be

and the N-terminal part of TTF-1 (TTF1-323). On the
other hand, the N-terminal deletion mutant TWN323
which efficiently promotes transcription termination (Evers
et al, 1995) produced high levels dB-galactosidase.
TTFAN323-mediated activation of LacZ expression was
even higher than that of the full-length protein TTFp130.

dissociated from Pol I. To monitor the interaction between
PTRF and Pol I, antibodies against PTRF and the third
largest murine Pol | subunit PAF/RPA53 (Seithedral,
1997), respectively, were bound to magnetic beads and
incubated with a partially purified protein fraction (DEAE-
280) derived from mouse nuclear extracts. Proteins bound

Thus, in support of previous experiments demonstrating to the immobilized antibodies and to control beads, respect-

that TTRAN323 binds to DNA with higher affinity than
TTFpl30 (Everset al, 1995; Sandeet al, 1996), the
C-terminal half of TTF-I, which harbors the domains
involved in DNA-binding and termination activity, also
mediates the interaction with PTRF.
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ively, were analyzed on immunoblots using anti-PTRF
and anti-Pol | ¢-RPA116) antibodies. As shown in Figure
4, significant amounts of Pol | were co-precipitated with
anti-PTRF antibodies (lane 3). In the reciprocal experi-
ment, i.e. co-immunoprecipitation of PTRF with Pol I, we
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Fig. 5. Recombinant PTRF mediates transcript relead®.Gomplementation of release-deficient Pol | with recombinant PTRF. Transcript release

was assayed in the absence or presence of increasing amounts of recombinant histidine-tagged PTRF or GCN5 as indicated, and the distribution of
bound (b) and released (r) transcripts was determir@dRecombinant PTRF releases transcripts from washed ternary transcription complexes.
Transcription reactions were incubated for 5 min to allow Pol | to reach the terminator. The paused complexes were removed by magnetic attraction,
washed with buffer AM-200 to remove free Pol | and nucleotides, and incubated for another 5 min with NTPs and recombinant histidine-tagged
PTRF or GCNS5 as indicated.
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Fig. 6. PTRF mediates dissociation of ternary transcription complexXgsPTRF-dependent release of template DNA from ternary complexes

containing immobilized Pol I. Ternary complexes were formed by pre-incubating bead-bound Pol | with labeled pCAT-T6-T1 template and cold
nucleotides. After addition of increasing amounts of recombinant PTRF (lanes 3-8) or cellular PTRF (lanes 9 and 10), the distribution of bound and
released template was analyze) PTRF-dependent release of transcripts from ternary complexes containing immobilized Pol I. Reactions were
identical to those described in (A) except that the assays contained unlabeled template*2iGP.

also observed a strong interaction between both proteins6). Moreover, consistent with previous results demonstrat-
(lane 6). Thus PTREF, by interacting with both Pol | and ing that transcript release is an energy-independent process
TTF-1, appears to serve a role in mediating the contact (Masonet al,, 1997a), recombinant PTRF promoted disso-

between TTF-I and the paused RNA polymerase.

Recombinant PTRF mediates release of both
nascent transcripts and RNA polymerase |

ciation of paused ternary complexes both in the absence of
NTPs and in the presence of non-hydrolyzable nucleotides
(data not shown).

If the recombinant protein exerts the same functional

To prove that the cloned cDNA encodes functionally properties as cellular PTRF, then it should facilitate release
active PTRF, we tested the recombinant protein in the of not only transcripts but also Pol | from paused elongation
transcript release assay. For this, PTRF was expressed ircomplexes. To address this issue, a modified transcription
E.coli, purified by chromatography on Xi-NTA—agarose assay containing immobilized Pol | was used. In the
and S—Sepharose, and assayed in transcription reactiongxperiment shown in Figure 6A, the transcription reactions
containing immobilized tailed template, Pol | and TTF-I. contained a labeled DNA template, TTF-I, nucleotides
Clearly, the majority of transcripts were released from the and Pol | that was bound to magnetic beads via antibodies
template in the presence of PTRF (Figure 5A, lanes 1-6), against RPA116, the second largest subunit of murine Pol
whereas no transcript release was observed in reactiond (Seither and Grummt, 1996). Pol | fixed to magnetic
containing an unrelated protein (GCN5) which was beads is capable of supporting specific transcription
expressed and purified in parallel. (Seitheret al, 1998). To monitor dissociation of ternary
A qualitatively similar result was obtained if RNA complexes, transcription was performed with bead-bound
release was not assayed with release-deficient Pol I, butPol I, labeled template, TTF-I and cold nucleotides.
on isolated paused ternary transcription complexes. Pausedranscription complexes were isolated by magnetic attrac-
complexes were formed by pre-incubating Pol | with tion, washed, resuspended in transcription buffer and
the immobilized template, NTPs, Pol | and TTF-I. The incubated in the absence and presence of PTRF. Finally,
remarkable stability of paused transcription complexes the assays were separated into bead-bound and supernatant
allows them to be washed and thus to be depleted of fraction, and the distribution of labeled DNA was analyzed.
excess Pol | and TTF-1. In the experiment shown in Figure In the absence of PTRF, the template was in the bead-
5B, bead-bound ternary complexes were isolated, washedbound fraction, indicating that it was contained within the
and then incubated with increasing amounts of recombin- ternary transcription complex (Figure 6A, lanes 1 and 2).
ant PTRF. Again, in the absence of PTRF, all transcripts However, in the presence of both recombinant PTRF
remained associated with the template (Figure 5B, lanes(Figure 6A, lanes 3-8) and partially purified cellular PTRF
1 and 2) whereas, after addition of PTRF, the transcripts (Figure 6A, lanes 9 and 10), the majority of labeled DNA
were released into the supernatant (Figure 5B, lanes 3—-was found in the soluble fraction. This result indicates
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that PTRF induced dissociation of ternary transcription A
complexes and therefore liberated the template from bead-
bound Pol I. template  pCAT-T6-T1 pCAT-G6-T1

I | 1
rPTRF(ng) _- 03 3 - 03 3

b ' o ¢! o o r”b rI

In parallel reactions, transcript release was measured
under the same conditions, except that in these assays
the template was not labeled and the reactions were

supplemented witho[-32P]GTP. As shown in Figure 6B,

in the presence of PTRF, liberation of transcripts into .:.. . . ' '
the supernatant was observed, demonstrating that PTRF

promotes transcript release irrespective of whether the

template or the polymerase were fixed to magnetic beads. 1 23456 789101112

This tight correlation between PTRF-dependent release of
both template DNA and nascent transcripts from immobil-

ized ternary Pol | complexes demonstrates that PTRF is B
capable of dissociating stalled ternary complexes, thereby RNA  wild-type mutant
liberating both Pol | and RNA. rPTRF (ng) Ty 3 13

PTRF binds specifically to the 3' end of pre-rRNA
As shown above, cellular PTRF binds to theehd of
pre-rRNA, and this binding appears to be required for
transcript release. To establish whether recombinant PTRF
has_ the same specificity with respect to binding to the _— -
U-rich element, we first compared the wild-type (pCAT-
T6-T1) and the mutant template (pCAT-G6-T1) in tran-
script release assays using histidine-tagged PTRF J
expressed ii.coli. Consistent with the requirement for the :
U stretch in PTRF function, recombinant PTRF mediates m
transcript release from the wild-type (Figure 7A, lanes 1—
6) but not from the mutant template (Figure 7A, lanes 7—
12). Furthermore, like the cellular factor (Figure 1), Fig. 7. Recombinant PTRF requires the T stretch upstream of the T
e oG 3 o wion osies s e P o b

H H ut no . -
termlnal 'pre-rRNA sequences (Figu_re 7B, lanes 173)’ a.'nd bound pCAT-T6-T1p(Ianes 1-6) antriJ pCAT—G6-'IP1 (lanes 7-12) in the
SiibS_tltUthl_’l of the U stretch by G residues strongly impairs absence or presence of recombinant histidine-tagged PTRF as
binding (Figure 7B, lanes 4-6). This result underscores indicated, and fractionated into template-bound (b) and released (r)
the importance of the U run at theé 8nd of pre-rRNA transcripts. B) Recombinant PTRF recognizes the nucleotide sequence
for dissociation of TTF-I-stalled ternary transcription com- If’;btglz é" Re’ilidA ?; Prfg;eF;Z‘nA- :iitTitiec:i?i?:&\:\%%e? nggng:iiggugaﬁgt;‘r’gh
p'e’?e.s and demonStrate.s that the r.ecombmam protemversion (lanes 4p—6) of thg’:end of pre-rRNXr.J The reactions were
feXTblts the same functional properties as the cellular resoived on a 5% polyacrylamide gel and visualized by
actor. autoradiography.
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Discussion element. Secondly, another cellular factor, termed PTRF, is

Transcription termination by Pol | is a multistep process required for dissociation of the paused ternary transcription
involving pausing of the elongating polymerase, release complex leading to transcript release and liberation of the
of both the newly synthesized RNA and Pol |, areeBd polymerase from the template (Masai al, 1997a).
processing of the primary transcript (Reeder and Lang, PTRF activity requires specific T-rich DNA sequences
1994, 1997; Masoet al,, 1998). Despite great differences upstream of the Sal box terminator. Thus, both processes
in the sequences of the terminator elements and the DNA-of Pol | termination, pausing and release, use different
binding proteins from species as diverse as mouse, frogcis-acting elements anttans-acting factors.

and yeast, the mechanism of termination in all eukaryotes Based on its interaction with TTF-I, we have cloned
is probably very similar. All characterized Pol | terminator the cDNA encoding PTRF using TTF-l as bait in the
elements are recognized by a specific DNA-binding protein yeast two-hybrid system. The sequence of PTRF is highly
that either directly or indirectly contacts the elongating conserved among human, mouse and chicken. Although
RNA polymerase and mediates the termination reaction. a search of the yeast genome database revealed no ORF
With the availability of cloned terminator proteins, it has with substantial homology to PTRF, there is experimental
been possible to establish cell-free transcription systemsevidence that a homolog of PTRF also exists in yeast. We
which terminate Pol | at the same sites as utiliredivo have demonstrated previously that murine PTRF can
and thus allow the study of the mechanism of transcription liberate transcripts from yeast Pol | that has been paused
termination. These studies revealed that Pol | transcriptionby Reblp, the functional equivalent of TTF-I in yeast
termination can be separated into two mechanistically (Masonet al,, 1997b). In addition, it was reported that a
distinguishable steps. First, Pol | is paused by a DNA- factor fromSaccharomyces cerevisiaeluces dissociation
bound protein, e.g. in the mouse by the transcription of yeast Pol | when paused by the Lac repressor
termination factor TTF-I bound to the ‘Sal box’ terminator (Tschochner and Milkereit, 1997). Finally, two forms of
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Pol | could be separated chromatographically from both motif (Gottlieb and Steitz, 1989; Mara&t al,, 1994). The
mouse and yeast cells, one that is competent for transcriptspecificity for this motif reflects La’s role as a transcription
release on its own and one that is release-deficient andtermination factor that mediates nascent transcript release
requires a cellular protein fraction to facilitate dissociation and facilitates recycling of Pol Il onto stable pre-initiation
of ternary complexes (Masoet al, 1997a; Tschochner complexes. The functional similarity between La protein
and Milkereit, 1997). The murine factor causes dissociation and PTRF is intriguing. First, like PTRF, binding of
of ternary complexes arrested by Reblp (Masobral., La to this 3-terminal sequence motif mediates nascent
1997b), indicating that the surfaces of protein—protein transcript release (Marait al, 1994). Secondly, La and
interactions involved in Pol | transcription termination are PTRF transiently associate with the nascent transcripts, a
conserved. feature that presumably accounts for the high levels of
The finding that release-deficient Pol | preparations can the respective proteins in the nucleus. Moreover, both
be complemented by adding fractions containing PTRF proteins fractionate into transcriptionally inactive and
activity suggests that this factor is either an accessory active forms which, in the case of La, has been attributed
protein that co-purifies with but is separable from Pol | to reversible phosphorylation (Faat al, 1997). By
or, alternatively, a subunit of Pol | that has been dislodged analogy, our fractionation scheme used for purification
during purification. The latter possibility can be excluded of Pol | and transcription initiation factors consistently
because the sequence of PTRF is distinct from those ofrevealed a significant amount of cellular PTRF that did
the five murine Pol | subunits that have been cloned so not co-fractionate with transcript release activity (data not
far. Consistent with PTRF being a novel Pol I-associated shown). Whether or not inactivation of PTRF activity is
factor rather than a genuine Pol | subunit, the electrophor- due to phosphorylation or association with other cellular
etic mobility of PTRF is distinct from that of any known proteins is not yet known. Finally, perhaps the most
subunit of Pol I, and PTRF is not recognized by antibodies interesting analogy between La and PTRF is their ability
against Pol | (data not shown). Moreover, mild washing to stimulate transcription. Addition of either cellular or
of ternary transcription complexes abolishes transcript recombinant PTRF not only augments the efficiency of
release activity. Finally, pull-down and co-immuno- transcript release, but also increases the overall rate of
precipitation experiments revealed that PTRF interacts transcription in a concentration-dependent manner (Figure
with both TTF-I and Pol |, a finding which suggests that 5A). While such stimulation of Pol Il transcription is
PTRF may form a bridge between Pol | and TTF-I. consistent with a role for La in increasing the efficiency
In this scenario, PTRF traveling with the elongating of reinitiation (Maraia, 1996), this remains to be deter-
polymerase would contact DNA-bound TTF-I, which in mined for PTRF.
turn may induce complex dissociation. In support of this By most criteria, recombinant PTRF is functionally
idea, we have found that PTRF, but not TTF-I, is associated equivalent to the cellular release factor characterized
with the recently described~2000 kDa murine ‘Pol | previously (Masonet al, 1997a). A comparison of the
holoenzyme’ complex (Seitheat al., 1998). activity of cellular versus recombinant PTRF revealed
Besides this network of specific protein—protein inter- functional identity in the (i) specificity of RNA binding,
actions, PTRF binds to RNA, and specific interaction with (ii) transcript release and (iii) stimulation of overall
the 3-terminus of pre-rRNA appears to be crucial for transcription. In contrast to factor 2, a Pol Il transcript
PTRF function. Previous work in mouse and yeast demon- release factor fromDrosophila (Xie and Price, 1996),
strated that mutations in sequences upstream of the TTF-I-neither cellular nor recombinant PTRF required ATP
or Reblp-binding site affect termination efficiency, sug- hydrolysis for complex dissociation as revealed by ident-
gesting that upstream elements are a universal feature ofical efficiency of transcript release in the absence and
Pol | terminators. Block mutagenesis of the mouse or presence of nucleotides, or in the presence of the non-
yeast Pol | terminator demonstrated that the upstreamhydrolyzable nucleotide analogs AMP-PNP and GMP-
element constitutes an essential part of the terminator andPNP.
that the U-rich sequence within the last 10-12 nucleotides One difference between cellular and recombinant PTRF
of the primary transcript is required for dissociation of was noted in Pol I-associated transcript cleavage, a com-
the Pol | ternary complex (Kuhet al., 1988; Kuhn and mon feature of prokaryotic and eukaryotic transcription.
Grummt, 1989; Langt al., 1994; Reeder and Lang, 1994; 3’ end maturation of pre-rRNA and of many pre-tRNAs
Lang and Reeder, 1995). We now have demonstrated thatis accomplished by nucleolytic removal of 3railer
both cellular and recombinant PTRF bind to theedd sequences. In earlier studies, we identified an exonuclease

of pre-rRNA, and that the U-rich sequence element is
required for specific binding. Replacement of the six
uridine residues by guanosines strongly impairs RNA
binding. We are still ignorant as to whether or not PTRF
binds to the 3terminus of pre-rRNA only, or whether
PTRF or a functionally homologous protein may play
other roles in cellular RNA metabolism, too. The fact that
PTRF is a relatively abundant protein lends support to
this attractive hypothesis.

In many respects, the functional properties of PTRF

activity present in the Pol | transcription termination
complex which removes a few nucleotides from the 3
end of the nascent transcript vivo and in vitro. The
longer transcript is a precursor for processing to the shorter
one (Kuhn and Grummt, 1989), and the processing activity
is absent in TTF-I, but is present in release-competent
Pol | (Kuhn et al, 1990). It remains to be investigated
whether PTRF itself possesses this cleavage activity or,
by analogy to elongation factor Sl which also interacts
with both the 3 end of nascent RNA and Pol Il and

resemble those of the La protein. La is an autoimmune activates the nuclease function of a Pol Il elongation
antigen that is transiently associated with the precursorscomplex (Reines and Mote, 1993; Powell al, 1996),

of Pol lll transcripts via their common' 3erminal UUlyy

PTRF caninduce a latent ribonuclease activity in template-
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Fig. 8. Model for murine Pol | transcription termination. Pol I,
together with PTRF, approaches the terminator and pauses

11 nucleotides upstream of TTF-I bound to the Sal box element. The
binding of PTRF to the U-rich element in the nascent transcript is
required for dissociation of the ternary complex, resulting in the
release of both RNA and Pol | from the template.

bacterial CAT gene (nucleotides 4853-5003 in pSV2—CAT) which is
fused to a 49 bp fragment from thé-&rminal spacer region of mouse
rDNA (from +556 to +604 relative to the 3end of the 28S rRNA
coding region). In pCAT-G6-T1, the six thymidine residues (fref866

to +571) were substituted by guanosines (Kuénhal, 1988). The
plasmids pBS-T6-Sma and pBS-G6-Sma were made by insermda

site by PCR at positior-575 of the 3-terminal fragment using pCAT-
T6-T1 or pCAT-G6-T1 as a template, and the resulting PCR fragment
was cloned into pBluescript Il SK. pEG202TTF, pEG202TiN323

and pEG202TTEN445 were obtained by cloning the respective derivat-
ives of murine TTF-I (Everset al, 1995) into pEG202. The cDNA
corresponding to the ORF of murine PTRF was amplified by PCR using
the forward primer 5GGAATTCCATATGGAGGATGTCACGCTCC-
ATATC-3' and the backward primer B3GAATTCCTCAGTCCCTGT-
CGCTCTTGTCCACCAG-3 After digestion with EcoRl, the DNA
fragment was cloned into the vector pJG4-5 to yield the plasmid pJG4-
5PTRF. pRSETB-PTRF and pGEX—PTRF were obtained by cloning the
EcaRI fragment derived from pJG4-5PTRF into pRSETB and pGEX-
1N, respectively. The plasmids pRSET-TTF and pRSET-ATHE5 were
described elsewhere (Evessal., 1995).

Yeast two-hybrid screening

The yeast two-hybrid screening was performed essentially as described
(Gyuriset al, 1993). The yeast strain EGY48 was co-transformed with
the lexAop-LacZreporter plasmid pSH18-34 together with the vector
pPEG202-TTF which expresses a fusion of LexA and mouse TTF-I. The
resulting chimeric protein was used as a bait to screen for cDNAs that
encode TTF-l-interacting proteins. A selection strain harboring the
LexA-TTF-I bait was transformed with a human (Wi-38) cDNA library
cloned into pJG4-5 expressing proteins fused to the B42 transcriptional
activation domain (Gyuriset al, 1993). By screening 210’ yeast
transformants, 21 interacting clones were obtained; nine of them proved
to be true positives containing five different cDNAs. The yeast strain
EGY48, all basic plasmids and the cDNA library for the two-hybrid
system were generously provided by Dr R.Brent.

Cloning of cDNA encoding murine PTRF
The sequence information of the partial human cDNA encoding PTRF
(DDBJ/EMBL/GenBank accession No. AF000421) and its chicken

engaged elongation complexes which removes a few homolog (DDBJ/EMBL/GenBank accession No. D26315) was used to

3'-terminal nucleotides from the terminated transcript.
Alternatively, PTRF could mediate a limited backtracking
of Pol I. As reported by Nudleet al (1997), T-rich
sequences induckE.coli RNA polymerase to backtrack,
i.e. its active center moves backwards on the DNA and
RNA leaving non-base-paired RNA at thé &nd of
the transcript. However, in contrast to the ‘backsliding’
reaction ofE.coli RNA polymerase, mouse Pol | stops
transcription not at the end of the U run, but at the end
of the C stretch. Based on the properties of TTF-I
and PTRF, we propose the following model for Pol |
transcription termination (Figure 8). The approaching Pol
| pauses upstream of TTF-l1 bound to the terminator
element. It is conceivable that the collision of Pol | and
TTF-I leads to a retreat of the active site of Pol | by four
nucleotides, which in turn would poise the active site
near the upstream U run. In this scenario, PTRF, being
associated with the elongating Pol I, would be properly
positioned to bind its target site on RNA. An as yet
unidentified RNase activity, which is either associated with
or recruited by PTRF, then removestBailer sequences to
yield mature pre-rRNA ends. Although some features of

clone the full-length mouse cDNA by a PCR-based approach (Frohman
etal., 1988). Briefly, poly(A) RNA from NIH 3T3 cells was transcribed
into single-stranded cDNA with avian myeloblastosis virus (AMV)
reverse transcriptase (Boehringer Mannheim) using a wobbled nested
primer (8-TCTGCG/CCGG/TGACTCCTCAATAAC/TC-3 based on

the cDNA sequence of human and chicken PTRF. The cDNA was
purified, a poly(dC) tail was added with terminal transferase (Promega),
and the DNA was amplified using a forward (dG)14 primer and a
wobbled nested primer’8/TC/ATCCATCTCC/TG/TG/CTGCI/TCG/
TCTCCTC-3. The 3-terminal part of the cDNA was cloned by

3’ RACE using an 18mer of oligo(dT) and a PTRF-specific primer
5'-TGATCTACCAGGATGAAGTCAAGC-3. The amplified fragments

of the 5 and 3 RACE were cloned into pBluescript Il SK, sequenced
and fused in-frame by ligation of overlapping fragments to yield a 1416
bp cDNA which encodes full-length (392 amino acids) murine PTRF.
The sequence data have been submitted to the DDBJ/EMBL/GenBank
databases under the accession number AF036249.

Transcription on immobilized tailed templates

The tailed templates were prepared as described (Kathal., 1990;
Mason et al, 1997a). Briefly, the plasmids were cut Bglll and a
14 nucleotide oligonucleotide ACCAAAAAAACTAG-5 ' was ligated

to the cohesive ends to create a 10 nucleotidev@rhang. The template
was cut withHindlll and the free oligonucleotides were removed by
precipitating the DNA with 7.5% polyethylene glycol 6000 in the
presence of 0.9 M NaCl. For immobilization, biotin-14-dATP was
incorporated into thélindlll restriction site using Klenow enzyme. The

this model have yet to be established, by testing such piotinylated template (1Qug) was bound to 50Qul of streptavidin

models a better understanding of the mechanism of tran-

scription termination is within our reach.

Materials and methods
Plasmids

pCAT-T6-T1 is similar to pCAT554-650 which has been described
previously (Kuhnet al, 1990). It contains a 151 bp fragment from the
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magnetic beads (Dynal) and incubated with bovine serum albumin (BSA)
and phosphatidylcholine (5 mg/ml each) to block non-specific binding
sites as described (Masen al., 1997a).

Transcription on tailed templates was performed as described (Mason
et al, 1997a) unless otherwise indicated. Thep2Beactions containing
5 pl (100 ng) of bead-bound template, 12 mM Tris—HCI (pH 7.9), 5 mM
MgCl,, 0.06 mM EDTA, 12% glycerol, 70 mM KCI and 0.5 mM UpG
dinucleotide (Sigma) were pre-incubated for 10 min at 30°C with 0.1—
0.5 U of Pol | and 30 ng of murine TTF-I. Transcription was started by
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the addition of 600 mM each of ATP, UTP and CTP, 12.5 mM GTP and histidine-tagged TTEN185 bound to Ni*-NTA beads (Qiagen) or

8 UCi of [a-32P]GTP. After incubation for 10 min in the presence or  control N2*-NTA beads, respectively. Beads were washed with 10 vols
absence of PTRF, transcripts were separated into template-bound andof buffer AM-100 (20 mM HEPES-KOH pH 7.9; 100 mM KCI; 5 mM
released fractions. Transcription was stopped by addition of an equal MgCl,; 0.2 mM EDTA; 1 mM dithiothreitol; 20% glycerol) and eluted
volume of stop buffer (0.2 M ammonium acetate pH 5.2, 0.4% SDS, with 1 M KCI. The fractions were separated on 10% SDS—polyacrylamide
1 mg/ml yeast tRNA). The RNA was extracted, precipitated with ethanol gels and analyzed on immunoblots using anti-HA antibodies.

and resolved on 6% polyacrylamide/7 M urea gels. GST-PTRF or GST were expressed Ehcoli BL21(DE3)pLysS

and purified by adsorption onto glutathione—Sepharose (Pharmacia).
Glutathione—Sepharose beads bearing either GST alone or the GST-
An aliquot (2 pg) of affinity-purified polyclonal antibodies against ~ PTRF fusions were blocked with 2 mg/ml BSA and insulin and incubated
RPA116, the second largest subunit of Pol I, was bound tqu26f with 35S-labeled recombinant mTTF-I which was generated in a coupled
magnetic beads (Dynal) as described (Seither and Grummt, 1996; Seitherin vitro transcription/translation rabbit reticulocyte lysate system (Pro-
et al, 1997). Before use, the beads were equilibrated in buffer AM-100 mega). Then 1Qul of the translation reaction were diluted with 20

(20 mM Tris—=HCI pH 7.9, 5 mM MgGl, 100 mM KCI, 0.1 mM of buffer AM-100/0.05% NP-40 and applied onto a microcolumn
EDTA, 20% glycerol) supplemented with 2 mg/ml BSA, insulin and  containing 10ul of packed beads carrying either GST or GST-PTRF.
phosphatidylcholine to block non-specific interactions. The packed The columns were washed with 10 volumes of loading buffer and bound
a-RPA116 beads were incubated with pb (5 U) of purified Pol | proteins were eluted with 3 volumes of buffer AM-2000/0.05% NP-40.

(MonoQ fraction) for 2 h at 4°C in 10Q of buffer AM-150 in the Proteins were separated by SDS—PAGE and visualized by autoradio-
presence of 0.1% NP-40. The beads were washed withpl @3 the graphy.

same buffer and twice with AM-100. Tepl of bead-bound Pol |
(corresponding to 8 of the MonoQ Pol | fraction) were used in 28
transcription reactions containing 200 ng of tailed pCAT-T6-T1 and 30 pitat f ! .
ng of TTF-I. After pre-incubation for 10 min at 30°C, NTPs were added Polyclpnal antibodies against recombme_mt PTRF anq the third largest
and transcription was carried out for 10 min. Then ternary complexes Subunit of Pol I (-PAF/RPAS3) were purified by coupling 2 mg of the
were isolated by magnetic attraction, washed and incubated further for 'éspective antigen to a 0.3 ml of Affi-Gel 10 column (BioRad) according
10 min in the presence or absence of PTRF. The reactions were 0 the manufacturer's instructions. Fiyey of IgGs were coupled to
fractionated into bead-bound and supernatant fraction, and nucleic acids25 Ml of magnetic beads covered with sheep anti-rabbitimmunoglobulins
were extracted and resolved on a 6% polyacrylamide/7 M urea gel. (Dynal) according to the manufacturer’s instructions. Before use, the
When the release of the template from ternary complexes was measuredmagnetic beads were equilibrated in buffer AM-100 supplemented with
the reactions were supplemented with 0.5 ng of labeled template DNA 2 mg/ml BSA, insulin and phosphatidylcholine. The packed beads were

Transcription with immobilized RNA polymerase |

Immunoprecipitations and immunoblots

(3000 c.p.m.).

Purification of RNA polymerase I, TTF-I and cellular PTRF
Mouse Pol | was purified by chromatography on DEAE-Sepharose,

incubated with 50ul of a fractionated nuclear extract (DEAE-280
fraction) far 4 h at 4°C in 100ul of buffer AM-100 in the presence of
0.1% NP-40. The beads were washed sequentially inl0ff buffer
AM-100/0.5% NP-40, AM-200/0.1% NP-40 and twice in AM-100/0.1%

heparin-Ultrogel, S-Sepharose and MonoQ HR 10/10 as described NP-40. For Western blot analysis, proteins were eluted off the magnetic

(Schnapp and Grummt, 1996). The peak Pol | fraction from the MonoQ

beads by boiling in 2Qul of sample buffer. After electrophoresis, the

column was used to separate release-deficient from release-competenpolypeptides were transferred to nitrocellulose membranes and probed

Pol | (Masonet al, 1997a). For this, the fractions eluting at 320 mM
KCI were purified by gel filtration on Superdex 200 (HiLoad) 26/60 run
in buffer AM-120 (20 mM HEPES-KOH pH 7.9, 120 mM KCI, 5 mM
MgCl,, 0.2 mM EDTA, 1 mM dithiothreitol, 10% glycerol). Pol I-
containing fractions were applied immediately onto MonoQ HR 5/5
(MonoQ) and eluted with a 15 ml linear gradient from 200—-450 mM
KCI. The catalytic activity of Pol | was determined in a non-specific
transcription assay. One unit of activity is defined as the amount of RNA
polymerase that incorporates 1 pmol 8H[UMP into acid-precipitable
material within 30 min at 30°C in an assay containing jdc of calf

with either affinity-purified chicken anti-PTRF or anti-RPA116 antibodies
(Seither and Grummt, 1996).
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bead-bound tailed templates. Murine TTF-I was expressed by infecting

Sf9 cells with recombinant baculovirus encoding histidine-tagged
TTFAN185, an N-terminally truncated mutant of TTF-I which is
expressed efficiently and exhibits higher DNA-binding and termination
activity than full-length recombinant TTF-lI (Sandet al, 1996).
Purification on N§*-NTA—agarose has been described (Sareteal,
1996). PTRF was partially purified from mouse nuclear or cytoplasmic
extracts as described (Masen al, 1997a). The amount of PTRF in
cellular fractions was estimated on immunoblots using anti-PTRF anti-
bodies.

RNA binding experiments

An 80 nucleotide labeled RNA probe corresponding to the natural end
of mouse pre-rRNA (fromt-554 to +575 relative to the 3end of 28S
rRNA) was synthesized by T7 RNA polymerase (Promega) f&mma-

digested template pBS-T6-Sma or pBS-G6-Sma. The RNAs were purified

and 3000 c.p.m. of thé?P-labeled RNA were incubated in 20l
reactions containing 20 mM Tris—HCI (pH 7.9), 70 mM KCI, 5 mM
MgCl,, 25 pg/ml of tRNA, 0.5pg/ml of BSA and varying amounts of

cellular or recombinant PTRF. The reactions were incubated on ice for
30 min and subjected to electrophoresis on 5% polyacrylamide gels

in 0.5x TBE buffer. RNA-protein complexes were visualized by
autoradiography.

In vitro interaction assays
Yeast extract containing an HA-tagged fusion of PTIWRE50 with the
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